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Anodizing aluminum and its alloys in acidic electrolyte solutions results in the 
formation of anodic aluminum oxide (AAO), or porous anodic alumina (PAA), with 
numerous nanometer-scale pores. It is generally believed that the structure and 
performance of AAO films strongly depend on the type of electrolytes (chromic, sulfuric, 
oxalic and phosphoric acids, etc.), in which the films are fabricated. Most recently, many 
novel properties obtained via anodizing in newly discovered etidronic acid (HEDP) are 
attracted more and more attention, such as submicrometer-scale array, structural 
coloration, high hardness and corrosion resistance. In this work, the anodizing behavior 
in etidronic acid was systematically investigated by changing current density, electrolyte 
temperature and anodizing duration. Moreover, in order to broaden the application fields 
of HEDP anodized film, the hard anodizing was developed on the commercial aluminum 
alloy. 
In chapter 1, the research backgrounds, research significance, summary of the research 
and the construction of this thesis are described. The objectives of the research are to 
study the anodizing behavior in etidronic acid and the properties of the resultant film. 
In chapter 2, the properties of experimental materials, as well as the experimental 
methods and the characterizations are presented. 
In chapter 3, anodic aluminum oxide films and micro-arc oxide (MAO) coatings are 
generally prepared from different electrochemical regimes. In this work, we prepared a 
new hard coating with a MAO/AAO double layer structure in HEDP solution by one-step 
way for the first time. The influence of current densities on the coating structures, 
elements distribution, phases composition and hardness was systematically investigated. 
Results showed that the AAO film would not be burnt down until the current density 
increased up to 8 A/dm2. A steady sparking was observed when the current density was 
higher than 4 A/dm2, and the visible sparks would automatically quench after a while. 
The obtained oxide coatings had both the outer volcanic resolidified pool structure and 
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inner honeycomb structure, i.e., a MAO/AAO composite coating. EDS results suggested 
that the concentration of anion contaminants of MAO layer was lower than that of AAO 
layer. The estimated growth rate of oxide coating increased from 1 to 36 μm/h with the 
increase of current densities from 1 to 7 A/dm2. The hardness of inner AAO layer was 
about 6‒8 GPa, which was in contrast with the highest hardness (26.57 GPa) of the outer 
MAO layer. 
In chapter 4, the growth mechanisms of MAO/AAO coating found in chapter 3 were 
systematically investigated. In this work, anodizing of aluminum was carried out in HEDP 
solution at high current density with different duration to track the formation behavior of 
the coating. SEM images indicated that the burning of initial film is actually caused by 
local oxide cracking due to the increase of compressive stress. The soft spark would 
appear when voltage reached 300 V, then change to the micro arcs at 400 V, and finally 
manufacture the outer MAO layer. Hereafter, the automatic extinguishing of micro arcs 
gives rise to the formation of inner AAO layer. Moreover, it is evidenced that plasma 
discharge has few contributions to coating thickening. The barrier layer provides the raw 
materials for the growth of outer MAO layer. Based on these results, the growth 
mechanism of MAO/AAO coating processed in HEDP is proposed and discussed. 
In chapter 5, we selected a commercial aluminum alloy (6063T5) as the object and 
developed a high-performance anodized film via HEDP hard anodizing. In this work, the 
mild HEDP anodizing was first investigated at a temperature range of 15–45ºC, just under 
the burning current densities. The voltage curves and microstructures of the anodized film 
prepared in HEDP (Eti-film) indicate that 35ºC is the most appropriate temperature for 
the fast fabrication of Eti-film, in contrast to the MAO coating and the seriously surface-
corroded Eti-film prepared at 15 and 45ºC, respectively. Then, the HEDP hard anodizing 
without burning was successfully conducted via a gradient-increase-current approach, 
resulting in a high growth rate (~ 2.1 μm/min), low porosity (< 10%), thick barrier layer 
(~ 510 nm) and branched nanoholes structure of the hard anodized Eti-film. The Eti-films 
were systematically investigated by scanning electron microscopy, energy-dispersive X-
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ray spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction, transmission 
electron microscopy, and a nanoindentation tester. In addition, the wear and corrosion 
resistance of the Eti-film and the hard sulfuric acid anodized film (Sul-film) were 
compared. The results indicate that the hardness of the Eti-film can reach ~ 11 GPa (~ 
1000 HV0.01). The better wear resistance of the Eti-film as compared to the currently 
widely used Sul-film is attributed to the low porosity and less hydrated alumina content 
of the Eti-film. Moreover, the corrosion resistance of the Eti-film has been found to be 10 
times higher than that of the Sul-film. In general, our results suggest a possibility of 
replacing the pollution-carrying anodizing methods currently used in the industry with 
the etidronic acid anodizing. 
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Chapter 1 Introduction 
1.1 Background 
In ambient atmospheres, aluminum would become rapidly coated with a compact 2−3 
nm thick oxide layer. This native oxide layer prevents the metal surface from further 
oxidation, nevertheless, it struggles to meet the protection requirements. In 1857, Buff 
first found that aluminum can be electrochemically oxidized in an aqueous solution to 
form an oxide layer that is thicker than the native one [1]. This phenomenon has been 
called “anodizing” because the aluminum part to be processed constitutes the anode in an 
electrolytic cell. With the development of industry, the structural components made from 
aluminium and its alloys get attentions since about 1930 due to the high strength/weight 
ratio, meanwhile, anodizing began to be widely used to improve the surface performance 
of aluminium [2, 3]. 
Anodizing (also called anodization) is a simple, low cost, and straightforward approach 
that can be used to synthesize an oxide layer over the large surface area of the metallic 
substrate, such as aluminum, titanium and magnesium, etc.. The anodic alumina film has 
good mechanical properties, high corrosion resistance, abrasion resistance, and strong 
adsorption. Attractive appearance can be obtained on aluminum by treating the anodized 
aluminum with various coloring methods. In addition, the anodic alumina film also has 
good functional characteristics, e.g. dielectric properties, selective absorption of light and 
nano-honeycomb hole array structure. With the development of anodizing, more and 
more new characteristics of anodic alumina film have been discovered. Notably, 
aluminum anodizing and anodizing theory, a subject that has been studied for decades, 
have again attracted the attention in various fields since the nanohole arrays were prepared 
by Masuda, et al. through the two-step anodizing in 1995 [4]. 
1.2 Structure of anodic aluminum oxide film 
It is commonly known that the nature of an electrolyte used for anodizing is a key factor, 
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which determines the morphology of oxide grown on the aluminum surface. Generally, 
two different morphologies of AAO films can be formed, i.e. the nonporous barrier-type 
AAO films and the porous-type AAO films (Fig. 1.1), which are mainly determined by 
the types and characteristics of the electrolyte. The barrier-type films are formed in neutral 
electrolytes (pH 5−7), such as borate, oxalate, citrate, phosphate, adipate, tungstate 
solution, etc. [1]. A porous-type film is formed in the electrolyte that promotes the 
dissolution of the oxide film, such as selenic [5], sulfuric [6], oxalic [7], phosphoric [4], 
chromic [8], malonic [9], tartaric [10], citric [11], malic acid [10], etc.. 
 
Fig. 1.1 Two different types of anodic aluminum oxide (AAO). (a) barrier-type and 
(b) porous-type. [1] 
The porous-type AAO film is also called porous anodic alumina film (PAA), which 
has received more attention than barrier-type AAO film due to the unique honeycomb 
structure, as shown in Fig. 1.2. Porous anodic films consist of a thin barrier layer located 
at the aluminum/film interface and an outer porous region containing cylindrical pores 
extending from the surface of the film to the barrier layer. The film has a close packed 
array of columnar hexagonal cells each with a central, cylindrical, uniformly sized pore. 
The pores in the film are parallel to each other and are known for having a honeycomb-
like structure with a short distance ordering and a long distance disordering of the pore 
arrangement. The barrier layer at the bottom of each cell is approximately hemispherical, 
so that the aluminum/oxide interface appears scalloped. However, the morphology of the 
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anodic alumina films commonly obtained is far from the honeycomb-like idealized 
structure; usually the cells are irregular polygons, and the configuration of the cells and 
pores is not hexagonal, causing distortions of the cross section of the pores and 
broadening of the pore diameter distribution. 
 
Fig. 1.2 Schematic representation of the morphology of PAA.[12] 
As early as the last century, the multi-layer structure of the PAA has attracted the 
attention of researchers. In 1978, G.E. Thompson et al. found that PAA consists of bilayer 
structures, i.e., an outer layer containing a large amount of electrolyte anions and an inner 
layer of pure and dense alumina [13, 14], which is widely accepted and consistent with 
electron microscope observation and component analysis. Fig. 1.3 shows the bilayer 
structure and elemental distribution of PAA recently investigated by Kikuchi et al. [15].  
It is believed that the thickness ratio of outer layers of PAAs depends on electrolytes 
and the distribution of the potential drop across barrier layers of PAAs formed in different 
electrolytes behaves differently (Fig. 1.4). The difference in the composition of the inner 
and outer layers of PAA also leads to the difference in the etching rate (the etching speed 




Fig. 1.3 The bilayer structure and elemental distribution of PAA fabricated in 
phosphonic acid observed under transmission electron microscope (TEM).[15] 
      
Fig. 1.4 The variation of thickness of inner and outer layers for the PAAs formed in (a) 
sulfuric, (b) oxalic, (c) phosphoric, and (d) chromic acid. [1, 14] 
  Moreover, the thickness of the barrier layer (tb) is one of the most important 
structural parameters of PAA. The potential dependence of the barrier layer thickness has 
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also been known as “anodizing ratio (AR = tb/U)”, the inverse of which corresponds to 
the electric field across the barrier layer, and it determines the ionic current density. 
Extensive researches show that AR for various electrolytes was determined to be AR≈1 
nm/V [10]. 
The main component of PAA film is amorphous, which is basically a recognized fact. 
However, it is still controversial that there might be some crystalline or microcrystalline 
islands in PAA, and they have not been detected easily might be attributed to its low 
content in PAA. Li et al. [17] recently reported that the crystallized PAA film can be 
fabricated under ultra-high anodizing voltage (700–1000 V). Crystalline phases (α-Al2O3, 
θ-Al2O3, and γ-Al2O3) in PAA were detected by X-ray diffraction (XRD). It was suggested 
caused by the crystalline transition of amorphous Al2O3 due to the combined action of 
heat and stress generated during ultra-high voltage. 
1.3 Growth mechanism of porous-type anodic alumina film 
1.3.1 Interface reactions 
It is now widely accepted that the amorphous PAA films form by migration of Al3+ 
(from the substrate) and O2– ions (from the electrolyte) through the anodic alumina under 
a high electric field. 
The overall anodic reaction that leads to film growth is [1, 12, 18]: 
2𝐴𝑙 + 3𝐻2𝑂 → 𝐴𝑙2𝑂3 + 6𝐻
+ + 𝑒−                  [1.1] 
The following elementary reactions are considered to be possibly occurring at the 
interfaces: 
(i) At the aluminum/oxide interface: 
𝐴𝑙 → 𝐴𝑙(𝑜𝑥)
3+ + 3𝑒−                               [1.2] 
2𝐴𝑙(𝑜𝑥)
3+ +3𝑂(𝑜𝑥)
2− → 𝐴𝑙2𝑂3                          [1.3] 
(ii) At the oxide/electrolyte interface: 
2𝐴𝑙(𝑜𝑥)
3+ +3𝑂(𝑜𝑥)





3+ + 3𝐻2𝑂(𝑙)                  [1.5] 
𝐴𝑙(𝑜𝑥)
3+ → 𝐴𝑙(𝑎𝑞)
3+                                    [1.6] 
2𝑂(𝑜𝑥)
2− → 𝑂2(𝑔) + 4𝑒




+                   [1.8] 
Eqs. 1.3 and 1.4 correspond to the formation of anodic oxide at the metal/oxide and 
oxide/electrolyte interfaces, respectively. Eq. 1.5 describes the dissolution of anodic 
alumina by Joule’s heat-induced oxide dissolution and field-induced oxide dissolution. 
On the other hand, Eq. 1.6 occurs through field-assisted direct ejection of Al3+ ions from 
the metal/oxide interface through oxide into the electrolyte. Eqs. 1.5-1.7 decrease the net 
current efficiency (ηj) associated with the anodic oxide formation. Eq. 1.8 describes the 
heterolytic dissociation of water molecules at the oxide/electrolyte interface, which 
supplies oxygen anions to the metal/oxide interface to form anodic oxide [1]. 
1.3.2 Volume expansion 
Oxidation of aluminum is a volume expansion process. The volume expansion during 
anodizing can be quantitatively expressed by the Pilling−Bedworth ratio (PBR) [1, 19]. 
The PBR is rigorously defined by the molar volume ratio of grown oxide (Vox) to the 







                             [1.9] 
where Mox is the molecular weight of oxide, Mm is the atomic weight of metal, n is the 
number of atoms of metal per one formula of the oxide, and ρm and ρox are the densities 
of metal and oxide, respectively. In science on the corrosion of metals, PBR has been the 
basis for judging the protectiveness of a passivating oxide: if PBR < 1, the passivating 
oxide is under tensile stress and easily cracked; if 1 < PBR < 2, the oxide covers the metal 
uniformly and is protective; if PBR > 2, the passivating oxide is under too much 
compressive stress and easily crumbles (e.g., iron oxide on iron). For anodic alumina 
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growth, PBR can be experimentally determined from the current efficiency (ηj ) of oxide 
formation and the density (ρAAO) of the resulting AAO, provided that the composition of 
anodic oxide is well-defined. The densities of barrier- and porous-type AAOs have been 
reported to be in the range of ρAAO = 2.7−3.5 g/cm
3. Assuming composition stoichiometry 
of Al2O3 and ρAAO = 3.0 g/cm
3, PBR for AAO growth is 1.70 at 100% current efficiency 
(ηj). For porous-type AAO growth, PBR can vary between 1.02 and 1.58 due to the lower 
current efficiency (ηj = 60−93%) [1, 20]. On the other hand, it is also needs to be 
considered that the larger is the amount of incorporated acid anions during anodizing, the 
larger is the PBR [21]. 
1.3.3 Kinetics for generation of honeycomb structure  
For the honeycomb structure of PAA, several models have been put forward in order 
to explain its formation. Among them, a field-assisted oxide dissolution [22-24] and 
stress-induced plastic flow models [25] are most frequently used. In addition, an oxygen 
bubble mold model [26-28] has been recently proposed for explanation of some unusual 
morphologies of anodic oxide films and phenomena occurring during their formation. 
(I) Field-assisted oxide dissolution model 
  At the beginning of anodizing, a barrier type film forms at a reduced efficiency. 
Subsequently, formation of incipient pores at the film surface occurs by field-assisted 
dissolution of the oxide followed by a preferential growth of certain incipient pores that 
increases the local current density at the base of the pore. Then, due to the non-uniform 
distribution of the current and the low efficiency of film growth, major pores then develop 
following the field-assisted dissolution model [22-24]. 
Although the filed-assisted model well describes the oxide formation and growth 
process, it does not explain adequately some phenomena observed during anodizing 
including (1) higher concentration of Al3+ in the electrolyte after anodizing of Al than that 
originating from the formation of oxide, (2) much thicker oxide layers observed than the 
oxide thickness expected from the passed current and multiplied by the PBR, and (3) 
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incorporation of electrolyte species in the growing oxide layer [18].  
(II) Plastic flow model 
  More recent work additionally revealed that the growth of PAA is most likely driven 
by the internal stresses and volume expansion [25] that develop in the oxide film during 
anodizing. In the porous film formation both factors, the oxide dissolution and stress 
generation at the metal/oxide interface, play a crucial role. However, it was found that 
only the dissolution of the oxide and ionic electromigration in the oxide layer are 
responsible for the formation of pores at the initial stage of anodization. For the steady-
state conditions of oxide growth, a large compressive interfacial stress causes the lateral 
flow of oxide material from the center of pore base toward the cell boundaries and then 
upward in the pore walls. 
(III) Oxygen bubble mold model 
  This model proposes that the porous structure of PAA is thanks to the decrease in 
current efficiency at the initial stage of anodizing, i.e., ion current (jion) decreases and 
electron current (je) increases. Where, jion is responsible for forming alumina (Eqs. 1.3 
and 1.4) and je leads to the formation of oxygen bubbles (Eq. 1.7). The initial small 
bubbles adsorbe on the film/electrolyte interface before they becoming big enough to 
escape from the interface. Hence, the barrier layer continuously grows around the bubbles 
and the initial embryo-pores form. After the bubbles growing larger and overflowing out, 
the electrolyte fills the embryo-pores, causing an uneven current distribution. 
Subsequently, the stable growth of PAA can be explained by the field-assisted oxide 
dissolution model [26-28]. 
  An important characteristic of these models is that they provide merely a mechanistic 
interpretation of steady-state growth of PAA, and therefore remain semiquantitative or 
qualitative models due to a large number of experimental factors that influence the growth 





1.3.4 Film evolution and electrochemical response during anodizing 
PAA can be easily fabricated by anodizing of aluminum in acid electrolytes either under 
a constant potential or a constant current condition. In general, constant potential 
anodizing is widely employed for the fabrication of self-ordered PAA, because of the 
linear relation between the applied potential and the structural parameters of the resulting 
PAA (Fig. 1.2). However, constant current mode is actually more suitable for industrial 
production than is the constant potential mode. 
 
Fig. 1.5 Typical current-time curves during anodizing of aluminum and corresponding 
stages of the oxide layer formation. (A) Constant potential mode; (B) constant current 
mode. [1] 
  Fig. 1.5 shows the typical current-time curves during anodizing of aluminum and 
corresponding stages of the oxide layer formation. When the constant potential is applied 
(stage I), a compact barrier layer is developed on the aluminum surface and its thickening 
with time results in a rapid current (j) decrease to a minimum value. At stage II, current 
increases slightly to a local maximum due to the formation of penetration paths and pore 
embryos in the compact barrier layer. There are several theories on initial development of 
local imperfections from the compact barrier layer. According to O’Sullivan and Wood a 
local variation in the electric field strength on the oxide surface with some defects, 
impurities, pits, and sub-grain boundaries leads to a formation of a nonuniform thickness 
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of the barrier layer. Thompson and co-workers have proposed that local cracking of the 
initial barrier layer due to accumulated tensile stress (PBR < 1) may develop the paths for 
electrolyte penetration. It should also be mentioned that the electron current (je) used to 
form bubbles starts to generate in stage II, and X. Zhu correspondingly proposed the 
oxygen bubble mold model to explain the formation of the initial pore embryos. At stage 
III, the appearance of current overshoot has been related to the decrease of the initial pore 
density with the steady-state growth of major pores: pores increase in size by persistent 
merging with adjacent pores. These processes occur continuously until the curvatures of 
the aluminum/oxide interface are large enough to intersect each other. The growing major 
pores readjust their sizes and spatial arrangement to establish equilibrium morphology 
and the uniform electric field across the barrier layer. Finally, the steady-state conditions 
of oxide growth are attained (stage IV). For the case of constant current anodizing, the 
potential (U) changes as a function of time also attributed to the morphological instability 
of anodic film (stages I−IV) [1, 12, 18].  
1.4 Anodizing technology 
1.4.1 Anodizing equipment 
In general, the entire process and setups used for the preparation of anodic alumina 
films are conducted using a two-electrode electrochemical cell with aluminum as the 
anode and platinum (also lead, stainless steel, graphite and other electrodes) as the 
cathode. Fig. 1.6a shows a conventional electrochemical cell in which both electros are 
aligned vertically and electrolyte can be agitated with a stirrer [29]. The horizontal 
arrangement of electrodes (Fig. 1.6b) in the electrochemical cell can also be used [30]. 
This type of the electrochemical cell is generally used for fabrication of anodic film with 
fixed area. The reaction heat during anodizing can be removed in time by stirring the 
electrolyte or heat conduction from the back of aluminum. Sometimes, more sophisticated 
electrolytic systems are used for anodizing of metallic substrates. In the overflow cell, 
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continuous circulation of the electrolyte to the anodized metal surface is ensured by a 
pump (Fig. 1.6c) [31, 32]. An anodized workpiece with large surface area can be easily 
fabricated with a limited-power anodizing equipment by scanning anodizing (change the 
position of the electrolyte sprayed on the aluminum) [32]. 
 
Fig. 1.6 Schematic representation of the conventional electrochemical cell with (a) 
vertical and (b) horizontal alignment of electrodes, and (c) overflow electrochemical 
cells used for anodizing. [18] 
1.4.2 Mild, hard, and self-ordering anodizing processes 
  The structural features of PAA, especially pore diameter and interpore distance, are 
strongly influenced by the anodizing parameters, especially the type of electrolyte and 
applied voltage. Anodizing process can be mainly divided into mild, hard, and self-
ordering anodizing processes according to different purposes. 
  (I) Mild anodizing (MA) or conventional anodizing 
  This type of anodizing process is relatively mild and slow (film growth rate = 2−10 
μm/h). The resultant PAA film is nonuniform with disordered pore size and interpore 
distance. This thin disordered PAA film is generally used as a primer for surface coloring. 
  (II) Hard anodizing (HA) 
HA is different from MA in that the former involves low electrolyte temperatures and 
high current densities or voltages. However, the underlying mechanisms of anodic film 
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growth are the same and are closely connected with the metallurgical history of the metal 
specimen [12]. The original meaning of hard anodizing is the formation of a hard PAA 
film with high Vickers hardness [33], while it has been recently used to describe the 
anodizing for fast fabrication of a PAA film [30] (Fig. 1.7). Although, a growth rate of 
PAA prepared by HA (50–100 μm/h [30]) can achieve1 to 2 orders of magnitude higher 
than that by MA, the HA film is prone to curling, cracking and distorted hole shape due 
to the burning and high voltage breakdown [34, 35]. The balance between heat generated 
by the anodizing process and heat removed during anodic film growth as the key factor 
for the initiation of burning. The generated heat mainly comes from Joule heating due to 
ionic current passing through the highly resistive oxide layer. This heat source is enhanced 
by increasing the applied current density or voltage, explaining why burning is an 
important issue for high speed anodizing processes [34]. The generated heat can be 
removed in time to reduce the risk of burning during HA process by using the powerful 
refrigeration equipment or pulse anodizing approach [36]. 
 
Fig. 1.7 (a) The MA and HA current-time curves in 0.3 M H2C2O4. (b) PAA thickness 
dependence of time under MA (40 V) and HA (140 V). [30] 
When the principal application of the anodic film, requires a hard and wear resistant 
surface, the hard anodizing process is adopted. Various aluminum alloys covered by hard 
porous alumina with Vickers hardness values of approximately HV = 400–500 are 
commercially available [37, 38]. Dilute electrolytes and low temperatures favour the 
growth of harder films, while more concentrated electrolytes and high temperatures and 
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longer process times (factors that will favour the dissolution of the film in the electrolyte) 
may produce soft, powdery, spongy or easily rubbed off films. For this reason, the cooling 
of the electrolyte is required to reduce the solvency power of the electrolyte, which helps 
in shifting the chemical equilibrium of forming and dissolution of the film to obtain a 
higher thickness. Decreasing the concentration of the acid electrolyte increases the 
abrasion resistance of the coating. The variation in the current density at low temperature 
(from 0 to -5°C) does not influence the abrasion resistance significantly [39]. However, 
between 10 and 20 °C the decrease of the current density leads to pronounced 
deterioration of the abrasion resistance and it is caused by increasing the porosity of the 
film [39]. The best abrasion resistance is obtained on pure aluminium, since the higher 
content of alloying elements, the more significant is the decrease in abrasion resistance 
[12]. 
  (III) Self-ordered anodizing 
  The regularity of nanostructure of PAA is greatly affected by the anodizing voltage. 
Anodizing outside the self-ordering voltage window would eventually lead to a 
disordered growth of PAA. In addition, the anodizing duration, purity and surface state of 
aluminum, electric field distribution and other factors would also affect the regularity of 
PAA [40-43]. Therefore, the self-ordered PAA film has not been found since anodizing 
was proposed for decades.  
Masuda et al. first fabricated the self-ordered PAA by a two-step anodizing in 1995 [4], 
which provides a new powerful method for preparing nanomaterials. Fig. 1.8 [1] presents 
the schematic of two-step anodizing. Firstly, a long-duration anodizing is conducted under 
the self-ordering voltage of the electrolyte to achieve a fully self-assembly barrier layer 
of PAA and a disordered pores in its top part (Fig. 1.8a). Then, the obtained PAA is 
removed by chemical dissolution, leaving ordered concaves on the aluminum substrate 
(Fig. 1.8b). Finally, anodizing once again by using the same conditions as the first step, 
thus, a highly ordered PAA film can be successfully fabricated (Fig. 1.8c). Fig. 1.8d 
exhibit a polydomain structure of the ordered PAA formed by two-step anodizing. The 
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lateral size of the defect-free domain increases with the anodizing time [1]. 
 
Fig. 1.8 The schematic of two-step anodizing and the corresponding scanning electron 
microscope (SEM) morphologies.[1] 
 
Fig. 1.9 Fabrication of ordered PAA with pre-pattern method (a) and the novel SEM 
morphologies of PAAs (b-j). [1] 
In order to further reduce the experimental steps, Masuda et al. [41] afterward reported 
the fabrication of ideally ordered PAAs with a single-domain configuration over a few 
mm2 area based on the idea of the two-step method. The process involved pre-patterning 
of the aluminum surface by transferring the pattern of a hard SiC stamp (mold) onto the 
aluminum by mechanical pressure (i.e., nanoimprinting), followed by anodizing (Fig. 
1.9a). In order to obtain a highly ordered PAA film, the applied voltage of anodizing 
should match the pattern (the relationship between anodizing voltage and nanostructure 
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of PAA would be introduced in Chapter 1.4.3). Many pore array architectures can be 
fabricated by further extending this method (Fig. 1.9) [44, 45]. However, since the 
anodizing cannot proceed under the absolute self-ordering voltage, the non-hexagonal 
PAAs would become disordered after a long duration [1]. Therefore, it is still a challenge 
to prepare a large-area PAA films with ordered structures easily and quickly so far. 
1.4.3 Electrolyte and anodizing voltage 
The structural features of PAAs, especially pore diameter (Dp) and interpore distance 
(Dint), are strongly influenced by the type of electrolyte and applied voltage. Each 
electrolyte is characterized by a self-ordering voltage at which a highly ordered porous 
structure is obtained (Fig. 1.10). Beyond this voltage, the formed PAA is less ordered or 
even nonporous. For the ordered PAAs, Dint and the anodic voltage (Ua) have a linear 
relationship [1, 10, 46]: 
𝐷𝑖𝑛𝑡 = 𝜉 × 𝑈𝑎                                  [1.10] 
During the mild anodizing, 𝜉𝑀𝐴 = 2.5 nm/V , and for hard anodizing, 𝜉𝐻𝐴 =
2.0 nm/V, as shown in Fig. 1.10. Notably, this simple linear relationship between Dint 
and Ua is not continuous, the formula is only applicable in a narrow voltage range for the 
specified electrolyte. For the mild anodizing, sulfuric acid with a self-ordering voltage of 
19–25 V (corresponding Dint: 50–65 nm), oxalic acid of 40 V (100 nm), selenic acid of 
42–48 V (95–112 nm), and phosphoric acid of 160–195 V (405–490 nm) have been 
reported [47]. Recently, more and more electrolytes with different self-ordering voltage 
range have been discovered to realize the continuous controllability of Dint of the ordered 
PAA, such as squaric acid[48], malonic acid [9], phosphonic acid [15], chromic acid[49], 
sodium hydrogen sulfate [50], citric acid [11], etc. These achievements greatly promote 
the application of self-ordered PAAs in the preparation of nanomaterials. For industrial 
applications, the mechanical properties and corrosion resistance of PAA film also depend 
on the electrolyte and the anodizing voltage. PAA films prepared in different electrolytes 
are generally different in Dint, Dp, and barrier layer thickness (tb). The porosity (depends 
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on both Dint and Dp) greatly determines the hardness [37], while tb affects the corrosion 
resistance [51]. 
 
Fig. 1.10 The SEM morphologies of PAA fabricated in sulfuric, oxalic and phosphoric 
acid (a~f) and the linear relation between Dint and Ua (g). [1] 
In general, chromic, sulfuric, and oxalic acids are the most widely used anodizing 
electrolytes in industry [6-8, 36, 52]. Chromic acid was used extensively in the early 
development of anodizing. The thickness of chromic acid PAA film is generally only 2–
5 μm, the anodized aluminum workpiece in chromic acid can therefore maintain its 
original accuracy and surface roughness. Moreover, the chromic acid PAA film has good 
binding force with organic matter and is often used as the bottom layer for polymer 
coating. However, chromic acid has been gradually abandoned in recent years due to the 
high toxicity and serious environmental pollution. Sulfuric acid electrolytes are the most 
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commonly used in industry due to their low cost and ease of handling. In order to reduce 
the dissolution of the PAA film by sulfuric acid and reduce the risk of film burning caused 
by the accumulated reaction heat, a strong refrigeration equipment is usually required to 
maintain the electrolyte at a lower temperature. However, using a very dilute sulfuric acid 
electrolyte may present some problems during hard anodizing, as the electrolyte may 
freeze at low temperature; to prevent this, adequate circulation or vigorously stirring must 
be considered [12]. The resultant anodic alumina films tend to be rougher than films 
produced in more concentrated electrolytes; nevertheless they have good polishing 
properties and work well for components whose application requires grinding or 
polishing as a final operation [12]. Oxalic acid anodizing was widely used in Japan and 
Germany before 1939. Due to the low chemical dissolution of oxalic acid to PAA film, 
the porosity of oxalic acid PAA film is relatively low, and its corrosion resistance, wear 
resistance and electrical insulation are generally better than that of sulfuric acid PAA film 
[7]. However, the cost of oxalic acid anodizing is generally 3–5 times higher than that of 
sulfuric acid anodizing, besides, oxalic acid is easily decomposed during anodizing. 
Therefore, it is also subject to certain restrictions. 
1.4.4 Post-sealing treatment 
  The porous structure of PAA film makes the area exposed to air much larger than the 
surface area of the aluminum workpiece, thereby increasing its corrosion rate. Therefore, 
the subsequent sealing processes on PAA via boiling water or metal salt solutions are 
frequently carried out to further improve its corrosion resistance [53-55]. The following 
reactions are considered to take place during sealing in water [12]: 
𝐴𝑙2𝑂3 + 𝐻2𝑂 → 2𝐴𝑙𝑂(𝑂𝐻) → 𝐴𝑙2𝑂3 ∙ 𝐻2𝑂          [1.11] 
2𝐴𝑙𝑂(𝑂𝐻) +2𝐻2𝑂 → 𝐴𝑙2𝑂3 ∙ 3𝐻2𝑂                [1.12] 
The formation of aluminium oxide monohydrate is indicated in Eq. 1.11 and the 
formation of aluminium oxide trihydrate is indicated in Eq. 1.12. Based on the SEM 
observations of the cross-sections (Fig. 1.11), the nanopores of PAA film were radually 
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sealed by hydration from the bottom to the top during immersion in boiling water [51]. 
Sealing of anodic alumina films can also be accomplished by immersion of the specimen 
in a hot aqueous 5 vol.% sodium dichromate solution or in a hot aqueous solution 
containing nickel acetate or cobalt acetate [12]. Another type of pore sealing is cold 
sealing, where chemicals like nickel fluoride are used to replace the hydrothermal 
precipitation to seal pores [33]. 
 
Fig. 1.11 SEM images of the fracture cross-section of PAA film immersed in boiling 
water for up to 240 min.[51] 
1.5 Micro-arc oxidation 
Micro-arc oxidation (MAO) [56-59], also known as plasma electrolytic oxidation (PEO) 
[60] or anodic spark oxidation (ASO) [61], is a kind of anodizing process that can be used 
on Al, Mg, Ti, Zr and other valve metals under high voltage (400–600 V) to fabricate 
MAO coating with excellent hardness (HV=1200–3500), wear resistance, corrosion 
resistance, high temperature resistance, catalytic ability, or biological compatibility, etc. 
[56, 58]. Up to now, the technology is mainly used in aerospace and artificial bone fields. 
Although MAO is also an electrochemical oxidation technology similar to anodizing with 
metals as anodes, MAO was not proposed and developed by the Soviet Union until the 
end of the 1960s due to the more complicated growth mechanism and higher requirements 
in equipment and energy consumption of MAO coating than that of traditional anodic 
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film [59, 62]. 
Generally, the whole MAO process can be divided into the formation and continuous 
growth of the coating. The working voltage of MAO breaks through the general voltage 
range of anodizing and enters the spark discharge section [62]. The particular micro 
discharges result in localized plasma reactions, with conditions of high temperature and 
pressure which promote the growth of oxide coating. Processes including melting, melt-
flow, re-solidification, diffusion, sintering and densification of the growing oxide are 
parts of the MAO coating process [59, 60, 63-65]. 
Many growth mechanisms of MAO coating have been put forward and set up. Vijh [66] 
and Wood [67] et al. proposed that the microdischarge is a local avalanche breakdown of 
a solid insulating coating. T.B. Van et al. [68] suggested that the discharge always appears 
first in the weak part of the oxide film. A. Hickling et al. [69] considered that the initial 
discharge ignited in the gas bubbles between the coating and the electrolyte first and then 
induced the breakdown of the dielectric barrier layers. A. Epelfeld et al. [70] considered 
each microdischarge as a gas discharge occurring in a micropore of the oxide film, which 
was believed to be induced by an initial dielectric breakdown of a barrier layer in the 
bottom of the micropore. These mechanisms can help to explain qualitatively the stable 
growth of MAO coatings [59].  
Compared with anodizing, which is based on acid electrolyte system, MAO electrolyte 
mainly are alkaline system such as, sodium silicate [56, 64], sodium phosphate [71, 72] 
and sodium aluminate [73, 74]. The performance of the MAO coating can be artificially 
changed by adding inorganic salts and functional particles [75]. Moreover, the 
performance and structure of the MAO coating can also be modified by using alternating 
current (AC) or high-frequency pulsed direct current (PDC, frequency of 50–1000 Hz, 
duty cycle of 10–90%) power supply [76, 77]. 
Fig. 1.11 presented the characteristics of the typical MAO coating. The formation 
process of MAO coating is similar to a volcanic eruption, and two distinct regions can be 
observed from its surface (Fig. 1.11a), a resolidified pool with a central hole and 
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accumulated particles with a nodular structure [56]. For the cross-sectional morphologies, 
a MAO coating has a three-layer structure (Fig. 1.11b-f), i.e. an outer porous layer, an 
inner dense layer and an amorphous alumina layer (AAL, several hundred nanometers 
thick, Fig. 1.11c-e) between the inner layer and the substrate. Due to the limitation of the 
characterization methods, the existence of AAL has not been confirmed until the past ten 
years. Zhu et al. [78] proposed that the main MAO voltage drop of applying the sample 
loaded on AAL layer (~1 V/nm), which provides new ideas for studying the growth 
kinetics of MAO coating. Actually, the similar “anodizing ratio” was used to explain the 
growth kinetics of PAA film [10]. It strongly implies the relationship between the growth 
mechanisms of MAO coating and PAA film. 
 
Fig. 1.11 Surface (a) and cross-sectional (b) SEM images of typical MAO coating; High 
resolution transmission electron microscope (HRTEM) images of MAO coating at the 
coating/substrate interface (c-e); Schematic illustration of the structural characteristics 
of MAO coating (f); X-ray diffraction (XRD) spectrum of the MAO coating fabricated 
in sodium silicate electrolyte system. [73, 78] 
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According to the research so far, anodizing cannot be converted into MAO by 
artificially increasing the voltage, and it also cannot be simply converted into anodizing 
by reducing the voltage during MAO too. The composition of the electrolyte directly 
determines which regime occurs during the electrochemical oxidation in it. The response 
voltage of anodizing in acid electrolyte is generally low, and the electric field strength 
applied to bubbles or defects is difficult to reach its breakdown value to form sparks. 
Artificially excessively increasing the voltage during anodizing will cause irreversible 
field-induced dissolution of the PAA film due to the breakdown of the oxidation balance 
[34]. When anodizing in some organic acids with low conductivity, sparks may occur due 
to the high working voltage. However, these sparks are destructive to the oxide film. 
During MAO in alkaline electrolyte, the negatively charged aluminosilicate colloid (take 
the sodium silicate electrolyte as an example) from the electrolyte moves continuously 
and adheres to the anode. When the high-energy micro-arc is generated, the sintered oxide 
is deposited in situ at the location where electrical breakdown occurs then cool down and 
crystallize [59]. The significant difference make the two technologies have been 
developed independently. 
1.6 Research topic and contribution of this dissertation 
  Etidronic acid (1-hydroxyethane 1,1-diphosphonic acid, HEDP) is currently one of the 
most popular chelating agents and is widely used in various applications, such as in 
medicines, commercial washing agents, and inhibitors for corrosion protection [47]. More 
recently, the HEDP anodizing has been first proposed by Kikuchi et al. [47, 79] to 
fabricate ordered PAA (Fig. 1.12a and b) in the submicron level with special structural 
coloration (Fig. 1.12c) in 2015. For the engineering application, they found that the PAA 
film prepared in HEDP can retain a higher hardness (~ 600 HV) than can the PAA film 
fabricated via sulfuric acid hard anodizing (300–550 HV) due to the low porosity (as low 
as 4%) (Fig. 1.12e) [37]. Moreover, the barrier layer of PAA film prepared in HEDP is 10 
times thicker than that prepared in sulfuric acid due to a high anodizing voltage (200–300 
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V, Fig. 1.12d) [47, 79].  
 
Fig. 1.12 SEM images of the dimple array (a) formed on the aluminum substrate after 
HEDP anodizing and the PAA film (b); (c) Bright structural colors at different viewing 
angles of the ordered PAA film fabricated via HEDP anodizing; (d) The relation 
between the cell diameter and the self-ordering voltage for PAA formed in various 
acidic electrolytes, as well as that for the PAA formed in HEDP; (e) Vickers hardness of 
the PAA film fabricated in HEDP. [37, 47] 
Although the nanopores of PAA film can be subsequently sealed in boiling water or a 
metal salt solution for corrosion protection, the last corrosion-resistant structure in a 
corrosive environment is the bottom barrier layer, even after pore sealing [51]. Chu et al. 
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[10] reported the fabrication of PAA by anodizing at high voltages in several organic 
carboxylic acids, such as citric, malic, and tartaric acid solutions. However, these 
electrolytes easily lead to a burning phenomenon with local thickening of the PAA during 
anodizing, and it is difficult to form a uniform PAA film by anodizing at high voltages. 
Therefore, HEDP anodizing is a promising technology that can be used to prepare PAA 
film that is superior to currently known PAA films in terms of wear and corrosion 
resistance. However, rapidly fabricating the PAA film in HEDP with a certain thickness 
is still a challenge. 
  In order to explore the HEDP hard anodizing conditions for fast fabricating PAA film 
with super wear and corrosion resistance, we conducted a systematic study on HEDP 
anodizing on aluminum. According to the experience that the accumulated reaction heat 
on the anode must be removed to inhibit the burning of the PAA film fabricated in sulfuric 
acid under high current density (reducing the electrolyte temperature or using single-sided 
anodizing), we first investigated the single-sided anodizing of pure aluminum foil in low-
temperature (0–10°C) HEDP solution at high current density (1–8 A/dm2) in Chapter 3. 
The results showed that the response voltage quickly exceeded 300 V and rose to the 
usual MAO voltage range (>400 V), moreover, a stable spark appeared on the anode 
surface resulting in the typical structure of MAO coating. Namely, the stable MAO 
behavior in acid electrolyte was observed for the first time. More interestingly, the micro-
arc would automatically extinguish and the oxidation voltage then remained at a stable 
value after a certain drop during the later stage of MAO in HEDP solution. After the 
characterization of the resultant coating, it was found that the coating has the composite 
structures of MAO coating and AAO film, i.e. MAO/AAO coating. Afterward, we 
followed the formation process of the MAO/AAO coating by SEM in Chapter 4. The 
burning of oxide film formed at the initial stage of oxidation and the effect of soft spark 
on this film were discussed, and a growth model of the MAO/AAO coating was proposed. 
Finally, we had successfully prepared HEDP hard anodized film on commercial 
aluminum alloy (6063T5) in Chapter 5 by changing the anodizing conditions to suppress 
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the burning of the initial film and avoid the MAO regime based on our previous work. 
The HEDP hard anodized film was confirmed to have super-high hardness, wear 
resistance and corrosion resistance that exceed the current anodized film. 
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Chapter 2 Materials, Experiment and 
Characterizations 
2.1 Materials 
1N30 aluminum foil (with a chemical composition of ≥ 99.3 wt% Al and ≤ 0.7 wt% 
Si+Fe) with a thickness of 0.1 mm was purchased from Taiho Kogyo Corporation (Toyota, 
Japan). 6063T5 aluminum alloy (with a chemical composition of 0.40 wt% Si, 0.15 wt% 
Fe, 0.00 wt% Cu, 0.02 wt% Mn, 0.48 wt% Mg, 0.00 wt% Cr, 0.00 wt% Zn, 0.01 wt% Ti, 
<0.05 wt% others and balance Al, provided by the manufacturer) with a thickness of 2 
mm was obtained from UACJ Corporation (Tokyo, Japan). Etidronic acid 
(CH3C(OH)[PO(OH)2]2, HEDP, 4.2 M) was purchased from Tokyo Chemical Industry 
(Tokyo, Japan). Perchloric acid (HClO4, 60 wt%), copper chloride (CuCl2, 95.0%), 
hydrochloric acid (HCl, 35%), sodium chloride (NaCl, 99.5%), acetone ((CH3)2CO, 
99.0%) and ethanol (C2H5OH, 99.5%) were obtained from Nacalai Tesque Incorporation 
(Nacalai, Japan).  
2.2 Sample preparation 
2.2.1 Pre-treatment of sample 
  The 1N30 aluminum foil with a cutted dimensions of 25 mm× 25 mm×0.1 mm was 
used for one side anodizing, it has a mirror bright finish and no need to be further polished. 
The 6063T5 aluminum alloy was cut into rectangular pieces (40 mm × 10 mm × 2 mm) 
and ground with abrasive papers (320–800#). Then, the pieces were electrochemically 
polished in a HClO4/C2H5OH mixture (v:v = 1:4) at 25 V for 2.5 min under −5–5°C. 
Finally, all samples were were cleaned with acetone for 10min and dried in a stream of 




Fig. 2.1 The appearance of the polished 6063T5 aluminum alloy 
2.2.2 Anodizing 
  The 1N30 aluminum foil and 6063T5 aluminum alloy were anodized in the one-side 
and conventional mode, respectively. One-side anodizing refers to the method in which 
samples are packaged by special fixtures, leaving only a partial area for anodizing. Fig. 
2.2 shows the schematic diagram of electrolytic cell with the fixture for one-side 
anodizing. The 1N30 aluminum foils were clamped in the fixture with one side exposed, 
and the exposed area was limited by a silicone O-ring to 1.8 cm2. The foils were connected 
the anode through a copper wire and a 304 stainless steel as cathode. The electrolytic cell 
was a 300mL double-walled glass beaker, and the temperature of electrolyte can be 
adjusted by injecting circulating cooled water/ethanol mixture (CCA-1111, Eyela, Japan) 
into the interlayer of the beaker. As to the anodizing of 6063T5 aluminum alloy, the 
exposed part of the sealed 6063T5 samples (exposed area of 3.8 cm2) were directly 
immersed in the anodizing electrolyte as the anode instead of using the one-side fixture. 
  
Fig. 2.2 The schematic diagram of electrolytic cell 
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The anodizing was conducted in 0.2 M HEDP solution with different temperatures. A 
power supply (PWR1201H, Kikusui Electronics, Japan) was used for anodizing and the 
electric signals were measured during the anodizing process. During the anodizing, the 
solution was strongly stirred with a mechanical stirring bar. After the anodizing, the 
samples were ultrasonically washed with deionized water at room temperature, and then 
dried in a cooled air stream for characterization. 
  In order to investigate the performance of HEDP anodized film prepared on 6063T5 
aluminum alloy, the hard-anodized film fabricated in sulfuric acid solution was used to 
compare with that fabricated in HEDP solution. The details of sulfuric acid hard anodizing 
as follows: 30 wt% sulfuric acid, temperature of −5 ± 0.5 °C, 3 A/dm2 current density, 
and 75% duty cycle (to avoid burning). The thicknesses of anodized films used for 
performance comparison were adjusted to ~40 μm. Fig. 2.3 shows the SEM images of the 
hard-anodized film prepared in sulfuric acid. 
 
Fig. 2.3 Surface (A-C) and cross-sectional (D and E) morphologies of the hard-anodized 
film fabricated in sulfuric acid on 6063T5 aluminum alloy. 
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2.3 Characterization  
2.3.1 Thickness of film 
The thickness of the samples before and after anodizing was measured by a spherical 
face digimatic micrometer (395-271-30, Mitutoyo, USA). The thicknesses of the films 
were pre-determined after anodizing with an eddy current thickness gauge (MiniTest 735, 
Elektrophysik, Germany). 
2.3.2 Scanning electron microscopy (SEM) 
The broken sections of anodized films were fabricated to observe the real cross-
sections, especially the barrier layer; the polished cross-sections of the anodized films 
after mounting in epoxy resin were prepared for thickness and hardness measurements. 
For the observation on the back of barrier layer, sample preparation was carried out with 
the following four steps: 1) the anodized 6063T5 specimen was cut into two pieces along 
the thickness direction with a saw to expose the aluminum substrate; 2) the specimens 
were immersed in a 0.5 M CuCl2 solution at room temperature to completely dissolve the 
aluminum substrate and a free-standing porous alumina film without the aluminum 
substrate was obtained via the chemical dissolution processes, and the back of barrier 
layer could be observed. 
The morphologies of the anodized films were examined in detail by SEM (ERA-8900, 
Elionix, Japan) and (S-4300 and SU-70, Hitachi, Japan). Before the SEM observation, a 
thin platinum layer was coated on the samples to increase the conductivity. The pore 
diameter, porosity, and thickness of the anodized films were measured from the SEM 
images using software (Image J 1.42q).  
2.3.3 Energy dispersive spectrometry (EDS) and X-ray photoelectron 
spectroscopy (XPS) 
The elemental compositions and distributions of the anodized films were evaluated via 
EDS coupled to the SEM (SU-70 and ERA-8900) and XPS (ESCA5400, ULVAC-PHI, 
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Japan). The samples used for the XPS measurements were etched with argon ions for 5 
min in advance, and the XPS spectra were corrected by reference to the Ar2p3/2 (242 eV) 
and Ar2p1/2 (244 eV) peaks. 
2.3.4 X-ray diffractometer (XRD) and selected-area electron 
diffraction (SAED) 
The crystal state of the films was determined by using XRD ((X'pert Pro MPD, 
Malvern Panalytical, Netherlands) and (SmartLab9K-INP, Rigaku, Japan)) and SAED 
analysis via a transmission electron microscope (TEM, HT7830, Hitachi, Japan) at 120 
kV. For preparation of TEM sample, the porous alumina film obtained via the chemical 
dissolution processes was cut on the barrier layer side using a focused ion beam (FIB, 
FB2000A, Hitachi, Japan). 
2.3.5 Microhardness test 
The hardness HIT and elastic modulus EIT of the films were measured on their cross-
sections at a load of 0.025 N for 10 s by a nanoindentation tester (DUH-211, Shimadzu, 
Japan) equipped with a Berkovitch diamond indenter. The hardness was also evaluated 
via the Vickers method at a load of 0.1 N (HM-200, Mitutoyo, Japan). 
2.3.6 Wear resistance 
The wear resistance of the film was evaluated by the reciprocating motion approach of 
an UMT TriboLab (BRUKER, USA) for 30 min. A GCr15 steel ball (Φ 9.5 mm, HRC 62) 
and the anodized aluminum block were set as the friction pairs. The load was 10 N and 
the frequency was 5 Hz. The wear scars were examined with a profilometer (Form 
Talysurf Intra, Taylor Hobson, UK) and SEM-EDS. 
2.3.7 Corrosion resistance 
An electrochemical workstation (CS2350H, Corrtest, China) was used to analyze the 
corrosion resistance of the films with electrochemical impedance spectroscopy (EIS) and 
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potentiodynamic polarization tests in a 3.5 wt% NaCl solution at room temperature (20–
25 °C). A saturated calomel electrode (SCE), a platinum plate, and the anodized aluminum 
were set as the reference, counter, and working electrodes, respectively. Before the test, 
the samples were sealed with the evaluated areas of 1 cm2 , then immersed in NaCl 
solution for 1 h to reach a steady open-circuit potential (OCP). Afterwards, an EIS 
measurement was performed by applying the signal amplitude of 10 mV on an OCP over 
a frequency from 10−2 to 105 Hz, 1 point per decade. Potentiodynamic polarization was 
carried out by applying a ± 250 mV polarization based on the OCP at a scanning rate of 





Chapter 3 A hard coating with MAO/AAO 
double layers prepared on aluminum in 
HEDP 
3.1 Introduction 
Anodizing is a process that electric current flows through an electrolyte such as 
chromic acid, sulfuric acid, oxalic acid, and phosphoric acid, where aluminium sheet is 
used as anode [1, 2]. As a porous amorphous film with a honeycomb structure, the 
obtained anodic aluminum oxide (AAO) has been widely applied in the fields of corrosion 
protection [3, 4], mechanical protection [5-7], coloring [8], production of capacitors [9], 
and nano-template [10, 11]. 
Hard anodizing is a process that uses a combination of low temperature (263‒268 K 
[12]) and high voltage or current densities to produce AAO with excellent wear and 
corrosion-resistant properties. The hard AAO processed in a sulphuric acid solution has 
been widely used in industrial fields because it keeps the best mechanical performance 
(4‒6 GPa [5, 13]) in the anodizing field. However, the requirements on the performance 
of workpieces have become increasing higher with the development of technology. For 
instance, the AAO film keeping a hardness higher than 7 GPa has great prospects in 
partially replacing the chromium/nickel plating coatings [14] that have serious industrial 
pollution. Many researchers have studied the factors affecting hardness, e.g. type of 
electrolyte, electrical parameters and reaction temperature [12], but the improvement of 
the performance of AAO was still limited due to the relatively fixed porosity of AAO 
prepared in the corresponding electrolyte. 
Recently, Kikuchi et al. [6, 8, 15, 16] first proposed using etidronic acid, 1-
hydroxyethane -1,1%-diphosphonic acid (HEDP), as an electrolyte for anodizing. It was 
found that the AAO films prepared in HEDP possessed a high hardness of Hv=610, which 
increased to Hv=769 after thermal treatment [6]. In the conventional anodizing using 
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sulfuric, oxalic, and phosphoric electrolyte solutions, the porosity of the obtained AAO 
was approximately 0.1‒0.35 [17, 18]. Hence, the extremely low porosity (~0.04) of AAO 
films prepared in HEDP was suggested to interpret the superior performance. However, 
the extremely low growth rate (~7 μm/h) cannot meet industrial production requirements. 
After that, Sepúlveda et. al. [19] compared the growth rate of self-ordering AAO films 
prepared by potentiostatic anodizing at 270 V in HEDP solution at 298 and 313 K, 
respectively. They concluded that increasing the electrolyte temperature led to increasing 
the growth rate of the AAO films from 3.9 µm/h at 298 K to 20 µm/h at 313 K, and 
accelerating the self-organization of the AAO. It is proposed that increasing the 
electrolyte temperature would reduce the electrolyte viscosity and increase the electric 
conductivity of the anodizing bath, which results in higher forming rate of the AAO films. 
However, it is also generally believed that the AAO film would be burnt down under the 
high current densities, then the oxidation balance is broken and the aluminum substrate 
is continuously dissolved [10]. Therefore, the HEDP has a low dissolution rate on AAO 
film compared to traditional electrolytes [15], such that a wider region of processing 
conditions were achieved for the rapid preparation of hard AAO films in HEDP. 
Herein, we conducted the DC anodizing on aluminum in HEDP at relatively high 
current densities. The effect of current densities on the oxide coating prepared in HEDP 
was systematically investigated. The electrical signal-time response, morphology, 
structure, composition, and performance of the coatings were discussed in detail. The 
results showed that the growth rate of oxide coating had been successfully increased. 
Moreover, when the current density was set higher than 4 A/dm2, the cell potential voltage 
increased rapidly and exceeded 400 V, resulting in a steady spark on the anode as the 
micro-arc oxidation (MAO) or plasma electrolytic oxidation (PEO) [20-24]. As the 
growth of coating, the sparks would gradually quench. Finally, a coating with outer 
volcanic resolidified pool structure and inner honeycomb structure was obtained, i.e. 
MAO/AAO composite coating. To the authors’ knowledge, most of MAO coatings were 
prepared in alkaline electrolyte including silicate [24-27], phosphate [27-29] and 
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aluminate [30-32], contrasting with the acidic electrolyte used in anodizing. The present 
work firstly reported a micro spark phenomenon on the surface of aluminum immersed 
in HEDP. It is envisaged that the newly found MAO/AAO composite coating is 
meaningful to further explain the relationship between anodizing and MAO. 
3.2 Experimental procedure 
3.2.1 Sample preparation 
1N30 aluminum foil (≥ 99.3 wt.% Al; ≤ 0.7 wt.% Si+Fe, Taiho Trading Co.,Ltd.) with 
mirror bright finish was cut into pieces with the dimensions of 25 mm × 25 mm × 0.1 mm. 
The samples were ultrasonically washed with acetone and deionized water at room 
temperature, and then dried in a cool air stream. 
Fig. 2.2 gave the schematic diagram of electrolytic cell. The samples were clamped in 
the fixture with one side exposed, and the exposed area was limited by a silicone O-ring 
to 1.8 cm2. The samples were connected the anode through a copper wire and a 304 
stainless steel as cathode. The electrolytic cell was a 300mL double-walled glass beaker, 
and the temperature of electrolyte was maintained at 273‒283 K by injecting circulating 
cooled water/ethanol mixture (CCA-1111, Eyela, Japan) into the interlayer of the beaker. 
The samples were immersed in 0.2M HEDP (pH=1.14 at room temperature) and then 
anodized at 1-8 A/dm2 for 1 hour using a DC power supply (PWR1201H, Kikusui 
Electronics, Japan) connected to a PC. The electric signals were measured by a software 
(SD027-PWR-01, Kikusui Electronics, Japan). During the oxidation process, the solution 
was strongly stirred with a mechanical stirring bar. After the oxidation treatment, the 
samples were ultrasonically washed with deionized water at room temperature, and then 
dried in a cooled air stream for characterization. The sparks were recorded using a high 
speed camera (Fastcam SA1.1, Photron, Japan) with a shutter speed of 4 ms. 
3.2.2 Characterization 
The thicknesses of the coatings were measured with an eddy current thickness gauge 
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(MiniTest 735, Elektrophysik, Germany), each coating was measured at least five times. 
The morphologies of oxide coatings were examined in detail by field emission scanning 
electron microscopy (SEM) (S-4300, Hitachi, Japan). Before the SEM observation, a thin 
platinum layer was coated on the samples to increase the conductivity. The ImageJ 1.42q 
software was employed to reveal the coating structures and pore size distribution from 
the SEM images. At least 500 pores were measured for each sample. 
The distribution of elements of oxide coating were examined by a 3D-SEM (ERA-
8900, Elionix, Japan), equipped with a dispersion X-ray spectrometry (EDAX Inc., USA). 
The phase compositions of oxide coatings were examined by X-ray diffractometer 
(X'pert Pro MPD, Malvern Panalytical, Netherlands) with Cu-Kα radiation at a scan step 
(2θ) of 0.01° from 25° to 80°. 
Prior to hardness evaluation, the samples were cut, mounted in resin, polished through 
successive grades of SiC abrasive papers (320-1000#), and finely polished with diamond 
paste of W0.3 particle size. Then, the polished cross-sections of coatings were examined 
using a nanoindentation tester (DUH-211, Shimadzu, Japan) with a Berkovitch diamond 
indenter. The loading was gradually increased to a target load (25 mN) at a rate of 1.9 
mN/s and then keep it for 10 s. The hardness HIT and elastic modulus EIT were determined 
from the load/displacement curves. At least three replicates were conducted for each sample. 
3.3 Results and discussion 
3.3.1 Evolution of electrical characteristics and colour 
The electrical signal-time response curves during the oxidation process in HEDP at 
different current densities are presented in Fig. 3.1 and Fig. 3.2. As shown, when the 
current densities are lower than 3 A/dm2 (Fig. 3.1), the cell potential curves present the 
case of galvanostatic anodizing. The potentials increase significantly first with the 
thickness of the growing barrier oxide and then continue to increase gradually. Such a 
potential evolution can be attributed to a morphological instability, i.e., transition from 
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the stage of barrier oxide growth to stage of porous oxide growth [33]. After that, the cell 
potential at 1 A/dm2 reaches a steady value of 310 V and the corresponding current density 
is stable. However, the potential curves at 2 and 3 A/dm2 reach the steady value of 324 
and 342 V, respectively, after passing through an overshoot. In addition, slight electrical 
signal fluctuations are observed on both the potential and current density curves at 2 and 
3 A/dm2. Similar cases of electrical signal fluctuations were also observed in the 
literatures [8, 15, 19].  
 
Fig. 3.1 Electrical signal-time response curves during the oxidation process in HEDP at 
1‒3 A/dm2. 
In fact, when the anodizing potential reaches a value (300 V in Fig. 3.1), invisible 
sparking on the anode starts appearing, and local thicking, cracking, blistering, or even 
burning of oxide film commences [10]. However, the oxidation balance has not been 
broken at the relatively high current densities (compared with the traditional anodizing) 
due to the low dissolution rate of the anodic oxide in HEDP [15]. 
In the case of electrical signal-time response curves at 4-7A/dm2 (Fig. 3.2), the 
potentials show a similar significant rise first and then the rising trend becomes gradual 
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in the initial stage. However, a clear difference of the electrical signal is exhibited between 
the Fig. 3.1 and 3.2 in the following stage. After the transition in cell potential at 200 s, a 
steady sparking is observed as shown in the insert boxes of Fig. 3.2. Meanwhile, the cell 
potentials reach 400 V and accompany with a strong current fluctuation. Under the 
influence of sparks, the cell potentials continue to increase slightly. The size and intensity 
of sparks increase and the population density of sparks decrease with the increasing 
oxidation time. Note that the sparks would automatically extinguish after the oxidation 
treatment for about 0.5 h and the cell potentials decrease dramatically by 80 V. Meanwhile, 
the fluctuation amplitudes decrease and are similar to the case of 2 A/dm2 and 3 A/dm2 
(Fig. 3.1). After that, the cell potentials do not increase and remain fluctuating within a 
certain range. 
 
Fig. 3.2 Electrical signal-time response curves during the oxidation process in HEDP 
at 4‒8A/dm2. The insert boxes are the burned film (8 A/dm2) and spark appearances 
during oxide process (5 A/dm2). 
In the case of 8 A/dm2, the cell potential drops sharply after a violent fluctuating. The 
non-uniform oxide spots with dark brown hue were partially observed on the obtained 
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film, i.e. the burning phenomenon occurred, as shown in the insert box of Fig. 3.2. This 
burning can be interpreted as that the reaction heat cannot be adequately dissipated from 
the anode, and that electrolyte heating cause local increase in conductivity and a current 
“run away” process; thus, the dielectric properties of the oxide are permanently degraded 
[10]. 
As known, the steady visible sparking is the iconic feature of micro-arc oxidation 
(MAO). Thus, the whole oxidation process can be simply divided into two stages, i.e., 
micro-arc stage and micro-arc extinguishing stage. During the micro-arc stage, the sparks 
have always been blue-white which are different from the orange ones of traditional MAO 
process in alkaline electrolyte [32, 34]. This might indicate that the relatively lower 
breakdown energy or only gas breakdown occur there.  
Fig. 3.3 shows the color change of coatings processed at 1‒7 A/dm2. Obviously, color 
ranging are from dark to light gray for current densities from 1 to 7 A/dm2. The coatings 
(1‒3 A/dm2) have the same color as the AAO films prepared in HEDP by Kikuchi et al. 
[6] and the light grayness (4‒7 A/dm2) are generally the feature of MAO ceramic coatings 
[35, 36]. 
 
Fig. 3.3 Colors obtained from the oxide coatings formed on aluminum in 0.2M HEDP 
for 1 h at different current densities. 
3.3.2 Surface structural characteristics 
Fig. 3.4 presents the surface morphologies of AAO film prepared at 1 A/dm2. As 
expected, the whole surface is smooth without defects (Fig. 3.4b), and the distorted pores 
with diameter of 50‒250 nm (Fig. 3.4c) are clearly observed. The parallel lines on the 
surface are caused by the directional growth of pores induced by the original surface 
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finish of aluminum.  
 
Fig. 3.4 Surface morphologies of AAO film formed on aluminum in 0.2 M HEDP for 
1h at 1 A/dm2. (a) is the higher magnification image of (b); (c) is the diameter 
distribution of the nano-pores. 
Fig. 3.5 gives the surface morphologies of AAO film prepared at 2 A/dm2. Compared 
with Fig. 3.5, there are many independent micro-pores (diameter of 1.0-3.5μm, as shown 
in Fig. 3.5e), or called micro-pits, with a flower-like feature. The flower-like features are 
possibly associated with the weak sparks on the AAO film. Those sparks are very weak 
and are not easy to be noticed [32], although the current fluctuation (Fig. 3.1) implies 
those sparks. Meanwhile, the barrier layer of AAO film was unaffected by the weak 
sparks, and thus the cell potential–time responses present the characteristics of anodizing. 
Furthermore, the number of micro-pores increases and interference occurs as the current 
density increases to 3 A/dm2 (Fig. 3.6). In addition, the diameter of nano-pores becomes 




Fig. 3.5 Surface morphologies of AAO film formed on aluminum in 0.2 M HEDP for 
1 h at 2 A/dm2. (b) and (c) are the higher magnification images of different locations of 
(a); (d) and (e) are diameter distributions of the nano- and micro-pores, respectively. 
 
Fig. 3.6 Surface morphologies of AAO film formed on aluminum in 0.2 M HEDP for 
1 h at 3 A/dm2. (b) and (c) are the higher magnification images of different locations of 
(a); (d) and (e) are diameter distributions of the nano- and micro-pores, respectively. 
The surface morphologies of oxide coating prepared at 4 A/dm2 present a rough surface 
with two features of volcanic resolidified pools (Fig. 3.7b) and nodules (Fig. 3.7c). These 
features are the evidences of the “breakdown-melt-ejection-deposition” activity of oxide 
coating, i.e., the micro-arc oxide process [23]. The unclosed central holes of the 
resolidified pools is likely due to the insufficient energy of the “soft” sparks. Moreover, 
the nano-pores (Fig. 3.7d) that are not affected by sparks can still be observed, which is 
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because the density of the spark was not enough. The nano-pore area (Fig. 3.7d) would 
become less and discrete as the current density and process time increase.  
 
Fig. 3.7 Surface morphologies of oxide coating formed on aluminum in 0.2 M HEDP 
for 1 h at 4 A/dm2. (b) and (c) are the higher magnification images of the box areas of 
(a); (d) is the residual nano-pore structure. 
The surface morphologies of oxide coating prepared at 5‒7 A/dm2 are given in Fig. 3.8. 
As expected, there are few unclosed central holes of resolidified pools on the surface of 
oxide coating prepared at 7 A/dm2 (Fig. 3.8c) because of the higher energy of sparks. The 
well developed oxide coating reveals clearly that the coating surface is only made of the 
resolidified pools. Unexpectedly, the size of unclosed central holes on coating prepared 
at 6 A/dm2 is a little bigger than that prepared at 5 A/dm2 (Fig. 3.8a and b). This 
phenomenon might be explained by the longer periods (about 300 s) of micro-arc stage 




Fig. 3.8 Surface morphologies of oxide coatings formed on aluminum in 0.2 M HEDP 
for 1 h at different current densities. (a-c) 5‒7 A/dm2, respectively. 
3.3.3 Cross-sectional structural characteristics 
Fractured cross-sectional morphologies of the AAO films prepared at 1‒3 A/dm2 are 
shown in Fig. 3.9. Typically, the AAO films consist of outer porous layer and inner barrier 
layer. The thin thickness or even more thinner at the beginning (about 1 μm in Fig. 3.9a) 
and the relatively bigger pore diameter (about 200 nm in Fig. 3.4) of AAO film prepared 
in HEDP at 1 A/dm2 guarantee the good electrical conductivity of the porous layer. 
Therefore, the entire potential is applied to the barrier layer (~0.97 V/nm) during the 
whole oxidation process. In this case, the responding cell-potential (ΔU) should be 
proportional to the applied current density (j) and thickness of barrier layer (tb) according 
to the exponential law of Güntherschulze and Betz as follows: [10] 
𝑗 = 𝑗0exp (𝛽∆U/𝑡𝑏)                 [3.1] 
Which can be converted to: 
  ∆U = 𝑡𝑏log𝑗0
𝑗
/𝛽                    [3.2]                                        
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where j0 and β are material-dependent constants at a given temperature. 
 
Fig. 3.9 Cross-sectional morphologies of AAO films formed on aluminum in 0.2 M 
HEDP for 1 h at different current densities. (a-c) 1-3 A/dm2, respectively. 
As the current density increases, the thickness of porous layer increases and the 
potential drop loaded on the porous layer increases. Therefore, with the evolution of AAO 
films, the appearance of potential overshoot (Fig. 3.1) has been related to the decrease of 
the initial pore density with the steady-state growth of major pores [37]: pores increase in 
size by persistent merging with adjacent pores. Meanwhile, the high viscous HEDP 
electrolyte (0.3 M HEDP for 298K, 7.584 mPa∙s [19]) cannot permeate the nano-pores 
completely to reach the barrier layer, i.e., the channels of nano-pores would be filled with 
an atmospheric pressure of O2. Ultimately, the potential drop would concentrate on the 
bubbles and the invisible sparks would occur once the breakdown potential of the bubbles 
is reached. Thus, it is understandable that the larger electrical signal fluctuation (Fig. 3.1, 
curve of 3 A/dm2) at the beginning of oxidation process implies the action of invisible 
sparks. The top mico pores in Fig. 3.9c also proved this assumption. These mico pores 
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were retained on the surface of the film as the oxide film becomes thicker.  
 
Fig. 3.10 Cross-sectional morphologies of oxide coatings formed on aluminum in 0.2 M 
HEDP for 1 h at different current densities. (a) 4 A/dm2, (b) 5 A/dm2 , (c) 6 A/dm2, and 
(d) 7 A/dm2. 
Fig. 3.10 presents the cross-sectional morphologies of the coatings prepared at 4‒7 
A/dm2. Interestingly, instead of generating the typical MAO coating, a composite coating 
with significant double layers was obtained. The top layer is considered to be the MAO 
layer according to its surface volcanic morphologies (Fig. 3.8), while the bottom layer is 
the AAO layer with honeycomb structure. The formation of MAO/AAO double layer 
structure should be due to the spark extinguish. Namely, the MAO layer generated in the 
early stage. The extinguish of micro-arc gives rise to the growth of the AAO layer. 
However, it is difficult to explain this stage under the galvanostatic condition. This 
phenomenon may suggest the conversion of coating structure and impedance drop of the 
whole loop, which should be further investigated to better understand the spark behavior 




Fig. 3.11 Schematic diagram and thickness of the MAO/AAO composite coatings. 
The schematic diagram of the MAO/AAO composite coating is given in Fig. 3.11a. 
Fig. 3.11b reveals the thicknesses of coatings prepared at different current densities. The 
coating thickness increases with the increasing current density. Finally, the coating 
consisting of 10.8 μm thick MAO layer and 25.2 μm thick AAO layer was prepared at 7 
A/dm2 for 1 h. 
3.3.4 The distribution of elements 
Fig. 3.12 is the EDS element mappings of the coatings prepared at 2 and 7 A/dm2. As 
shown, the main elements of the coatings are Al, O, C and P. The P and C are resulted 
from the HEDP (CH3C(OH)[PO(OH)2]2) used as the electrolyte, which has two P atoms 
and two C atoms in the molecular structure. Meanwhile, the HEDP is a tetra acid (H4Y) 
with the following acid dissociation constants (pKa) [8, 15]: 
H4Y ⇋ 4H
+  + Y4−                               [3.3] 
(pKa1=1.43, pKa2=2.70, pKa3=7.02, pKa4=11.20) 
Which is easy to form relatively stable complexes with the with Al3+ ions [38]: 
AlH2Y
+ ⇋ AlHY0 + H+       (Log𝐾1 = 1.8 ± 0.3)    [3.4] 
AlHY0 ⇋ AlY− + H+         (Log𝐾2 = 4.4 ± 0.2)    [3.5] 
AlY− + 4H+ ⇋ H4Y + Al




Fig. 3.12 SEM images and the corresponding EDS images of aluminum, oxygen, 
carbon, and phosphorus elements. (a) AAO film prepared at 2 A/dm2; (b) MAO/AAO 
coating prepared at 7 A/dm2. 
The AlY− ions is much stable due to the highest stepwise stability constants value 
(LogK3=22.7). The negatively charged AlY−  ions would move to the anode in the 
aqueous solution under the applied electrical field. Eventually, C and P were introduced 
into the coatings. The relatively higher element content (at%) of C than P in Fig. 3.12a 
may be attributed to the contaminated sample. Nevertheless, it is considered that chemical 
bonds of incorporated anions with a large molecular structure are cleaved in the anodic 
oxide during incorporation, and this cleavage would cause the different distributions of C 
and P [15].  
In the case of MAO/AAO composite coating (Fig. 3.12b), the contents of Al, O and C 
remain basically the same as Fig. 3.12a. However, only 0.45 at% P was detected. This 
suggests that the concentration of anion contaminants was reduced during melting of the 
anodic alumina under the microdischarges [36]. The EDS elements distributions in Fig. 
3.13 confirm that the content of P increases rapidly at the MAO/AAO interface from 
surface to internal. In addition, the increases in Al and O (about 10 microns near the 




Fig. 3.13 SEM image of coating prepared on aluminum at 7 A/dm2 and the elements 
distributions along the test line. 
3.3.5 Coatings phase analysis 
The XRD patterns of oxide coatings prepared at different current densities are 
presented in Fig. 3.14. It is generally recognized that the typical anodic films are 
amorphous, and only peaks of Al are observed for the coatings prepared at 1‒2 A/dm2. In 
contrast, the peaks of γ-Al2O3 and α-Al2O3 begin to appear after the current density was 
higher than 3 A/dm2. Thus, the MAO/AAO composite coating keeps both outer 
crystallizing layer and inner amorphous layer, indicating some properties grads.  
The relative contents of α-Al2O3 and γ-Al2O3 phases were estimated on the basis of the 
integrated intensities of the (113)α and (400)γ peaks [24]. As shown in Fig. 3.14, the 
integrated intensity ratio of the two peaks (Iα/Iγ) increases as the current density increases. 
The similar Iα/Iγ of coatings prepared at 5 A/dm
2 and 6 A/dm2 may be due to the difference 
in time of micro-arc stage (Fig. 3.2). Moreover, the absence of peaks of phases containing 
P and C indicates that these two elements may exist in the coatings as amorphous 




Fig. 3.14 XRD patterns for the coatings prepared in 0.2 M HEDP for 1 h on aluminum 
at 1‒7 A/dm2. 
3.3.6 Hardness and elastic modulus of coatings 
Fig. 3.15 shows the MAO/AAO composite coating prepared at 7 A/dm2 and the 
locations of indents. The results of nanoindentation on MAO layer are listed in Table 3.1. 
The hardness of the dense area was 22.78‒26.57 GPa, which is close to the value of 19‒
23 GPa reported for the MAO coatings prepared in concentrated aluminate electrolyte 
[30]. These values are thought to be a result of the high purity alumina with high content 
of α-Al2O3 (26 GPa [39]). The stiffness of the coating is related to the elastic modulus 
which are also given in Table 3.1. The values of elastic modulus for the coatings are 
approximately proportional to the hardness values. 
The hardness and elastic modulus profiles from the Al/Al2O3 interface of AAO layer 
prepared at 7 A/dm2 are given in Fig. 3.16. As shown, the hardness distribution of the 
interior AAO layer is relatively homogeneous. However, the hardness begins to decrease 
near the MAO/AAO interfaces, which indicates the loose structure as shown in Fig. 3.10d. 
Moreover, contrasting with the MAO layer, the lower hardness of the AAO layer was 6‒
8 GPa (Fig. 3.16). However, it is still much better than conventional hard anodic alumina 
(4‒6 GPa) [5, 13] and a little higher than the hardness of hard anodic coatings (Hv= 610, 




Fig. 3.15 Imprints of nanoindentation tests on the coating formed on aluminum in 0.2 M 
HEDP for 1 h at 7 A/dm2 and details of the box area. 
Table 3.1. Results of nanoindentation test locations in Fig. 3.15 
Location Hardness (GPa) Elastic modulus (GPa) 
1 23.64 185.0 
2 22.78 187.9 
3 26.57 208.2 
 
Fig. 3.16 The distribution of hardness and elastic modulus of AAO layer formed in 0.2 
M HEDP for 1 h at 7 A/dm2. 
The nanoindentation tests were also performed on the center of the cross-section of 
AAO layers formed at 3‒7 A/dm2. The loading-unloading curves are represented in Fig. 
3.17a. The indents have a good testing repeatability and show a substantial elastic 
recovery. Moreover, the AAO layers formed at 6 and 7 A/dm2 keep higher stiffness. Fig. 
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3.17b shows the results of hardness and elastic modulus according to the loading-
unloading curves. As the applied current density increases, the hardness of AAO regions 
increase insignificantly, while the elastic modulus increases greatly. It might be due to the 
difference in coating thicknes (Fig. 3.11b). 
 
Fig. 3.17 Nanoindentation tests on AAO layers prepared at different current densities. 
(a) the loading-unloading curves; (b) the hardness and elastic modulus of AAO layers. 
Moreover, the hardness/elastic modulus ratio (H/E) identifies the resilience of coating. 
Increasing in H/E ratio for coatings enhanced the elastic resilience, which might be 
responsible for their high mechanical and tribological performance [35]. The H/E ratio of 
MAO layer is 0.121-0.128 contrasting with 0.057-0.102 of AAO layer, which indicates 
the performance grads. Overall, the performance grads and high hardness value of 
MAO/AAO composite coating formed in HEDP are expected to expand the applicability 
of porous alumina in various severe conditions. 
3.4 Conclusions 
The DC anodizing on aluminum in HEDP at relatively high current densities was 
successfully conducted. Resulting in the obtained coatings having a MAO/AAO 
composite structure. The conclusions were drawn as follows: 
1. The AAO films were prepared at 1‒3 A/dm2; The MAO/AAO composite coatings 
were prepared at 4‒7 A/dm2; The oxide coating would not be burnt down until the current 
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density up to 8 A/dm2. 
2. When the current density is higher than 4 A/dm2, the whole oxidation process can be 
divided into two stages, namely, micro-arc stage and micro-arc extinguishing stage. 
3. During the micro-arc stage, the oxide coating undergoes melting under the sparks, 
which changes the morphology and reduces the concentration of anion contaminants. 
Subsequent cooling crystallization resulted in the generation of γ-Al2O3 and α-Al2O3. 
4. As the current density increases from 1 to 7 A/dm2, the growth rate of oxide coating 
increases from 1 to 36 μm/h. Moreover, the relative contents of α-Al2O3 in MAO layer 
also increase. 
5. The hardness of AAO layers of MAO/AAO composite coating is 6‒8 GPa, and the 
hardness of MAO layer can reach 26.57 GPa. 
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Chapter 4 Morphological evolution and 
burning behavior of MAO/AAO coating 
4.1 Introduction 
Anodizing is an electrolytic passivation process used to increase the thickness of the 
natural oxide layer on the surface of metals. The porous anodic aluminum oxide (AAO) 
formed on aluminum has been widely applied to increase surface corrosion resistance [1] 
or mechanical performance [2, 3], meet decorative requirements, prepare nano-template 
[4, 5], etc. Micro-arc oxidation (MAO) [6], also called anodic spark oxidation (ASO) [7] 
or plasma electrolyte oxidation (PEO) [8], is a combination of electrochemical and 
physical discharge processes, which has attracted more and more attention due to the 
excellent performance of MAO coating. The benefits of MAO coating include strong 
abrasion resistance, corrosion resistance, hardness, thermal shock resistance and 
biocompatibility, etc [7, 9-11]. 
The difference between MAO coating and anodic film are structure and crystalline state 
[12, 13]. The ceramic MAO coatings consist of an outer loose layer, inner compact layer 
and an extremely thin amorphous alumina layer (AAL) [14], while the amorphous anodic 
film is composed of an outer honeycomb layer and inner barrier layer [5]. These features 
are closely related to their different electrochemical regimes [5, 8]. 
For the case of anodizing, a lower current/ voltage at direct-current (DC) mode [15, 16] 
is generally chosen to avoid the burning of film [17, 18]. Meanwhile, the acid electrolytes 
(e.g. chromic acid [19], sulfuric acid [20, 21], oxalic acid [22] and phosphoric acid [23]) 
are used to prepare the AAO with different interpore distances according to the different 
electrochemical windows. The field-assisted dissolution [5, 24, 25] theory could explain 
the development of the major pores encountered in the AAO. Regarding to anodizing, the 
MAO process also requires immersion of the components in electrolyte, and uses 
electrical current to grow a thick coating on metal surface. However, most of MAO 
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coatings are generally prepared in alkaline electrolytes, e.g. silicate [6], phosphate [26] 
and aluminate [27], etc. The much higher electrical parameters are selected at alternating-
current (AC) or high-frequency pulsed direct-current (PDC) modes [28-31] to arouse the 
surface sparks or plasma discharges. These sparks would result in high temperature 
conversion of the growing coating into crystalline phases, e.g. α- and γ-alumina [6]. 
Although many discharge models have been proposed, such as ion current mechanism, 
electron avalanche mechanism, thermal mechanism and mechanical mechanism [14, 32, 
33], the complicated growth mechanism of MAO coating is still not unified. It is generally 
considered that migration of ion and deposition of components from electrolyte are the 
two driving forces for MAO coating growth [8, 9]. 
Recently, Shen et al. [34, 35] found that the coating/substrate interface layer of MAO 
coating consists of inter-connected tiny globular particles, which was interpreted by the 
re-passivation of newly exposed substrate caused by discharge. They considered that the 
inward growth of coating was attributed to plasma discharges. Afterward, Zhu et al. [14, 
36] proposed that the main MAO voltage drop of applying the sample loaded on AAL 
layer (~1 V/nm), concluding that the MAO was not an abrupt ejection of a molten material 
but a gentle growth process. Actually, the similar “anodizing ratio” [5] was used to explain 
the growth kinetics of AAO film. They strongly imply the relationship between the 
growth mechanisms of MAO coating and AAO film. Moreover, the newly prepared 
coating with MAO/AAO double layers [37] via etidronic acid (CH3C(OH)[PO(OH)2]2, 
HEDP) anodizing seems to be meaningful for interpreting the relationship. 
This paper first investigated the burning of anodic film prepared in HEDP at 8 A/dm2, 
which proved that the burning was caused by the stress-induce-cracking of initial film 
instead of sparks. Then, the DC oxidation was conducted just below burning current 
density, and results indicated that the resultant coating consisted of outer MAO layer and 
inner AAO layer. The morphological evolution of the coating was investigated in detail 
by SEM and the growth curve was recorded. Finally, the growth behavior of coating 
processed in HEDP at high current density was proposed and discussed. 
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4.2 Experimental procedure 
4.2.1 Sample preparation 
Pure aluminum (1N30, ≥99.3 wt% Al, Ra ≈ 0.026 μm), in the form of rolled foil 
(0.1mm), was cut and put into a holder with a round window of 1.8 cm2. The configuration 
of the experimental setup is the same as described in a previous paper [37]. The electrolyte 
was 0.2 M HEDP (For 25 ºC the conductivity was 30.74 mS/cm and the pH=1.14), which 
was maintained at 273‒283 K by circulating cooled water and strongly stirred by a 
mechanical stirring bar (350 rpm). During the oxidation treatment, the constant current 
(CC) mode was selected, and the electric signal was measured and recorded by data 
acquisition module. The plasma discharge during the oxidation process was monitored 
using a high speed camera (Fastcam SA1.1, Photron, Japan) with a shutter speed of 4 ms. 
After the oxidation treatment, the samples were ultrasonically washed with deionized 
water at room temperature, and then dried in a cooled air stream for characterization. 
4.2.2 Characterization 
The surface and cross-sectional morphologies were observed by the field emission 
scanning electron microscopies (FE-SEM) (S-4300 and SU-70, Hitachi, Japan). 
Meanwhile, the element compositions and distributions of coatings were measured by an 
energy dispersive spectrometer (EDS) coupled to the SEM (SU-70). For cross-sectional 
observation, the fresh broken section was obtained by breaking the sample. For testing, 
all samples were coated with platinum to increase the conductivity. 
The phase compositions of coatings were examined by X-ray diffractometer (X'pert 
Pro MPD, Malvern Panalytical, Netherlands) with Cu-Kα radiation at a scan step (2θ) of 
0.01° from 25° to 80°. 
The roughness of oxide coating was tested by a surface measuring machine (Form 
Talysurf Intra, Taylor Hobson, U. K.) with a testing length of 8 mm. The thickness of the 
coatings was measured by an eddy current thickness gauge (MiniTest 735, Elektrophysik, 
 
 66 
Germany). The thickness of the samples before and after oxidation was measured by a 
spherical face digimatic micrometer (395-271-30, Mitutoyo, USA). Each value was 
measured at least seven times. Moreover, the thickness of coating sub-layers was 
measured from the cross-sectional SEM images via image analysis software (Image J 
1.42q). 
4.3 Results and discussion 
4.3.1 Maximum current density and burning behavior of anodic film 
Fig. 4.1 shows the voltage-time response at different current densities. It is seen that 
the voltages rise rapidly in a short time and then slow down, which is due to the formation 
of the passive barrier layer. The stable oxidation process can be maintained when the 
current density is low than 7 A/dm2. In contrast, the electrical instability occurs when the 
voltage reached 300 V at 8 A/dm2.   
 
Fig. 4.1 Initial voltage response at different current densities. 
The real-time imaging of oxide process (Fig. 4.2) indicates that the electrical instability 
is attributed to the burning of film. The weak sparks are uniformly distributed on the 
anode surface at first (Fig. 4.2A1), and then they concentrate on a local area, it eventually 
results in the strong burning of oxide film (Fig. 4.2A2). Afterward, the sparks randomly 
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spread on the anode, generating that the burnt area exhibits a dark brown hue contrasted 
with the light green of burnt-free area. 
 
Fig. 4.2 Burning behavior of anodic film prepared at 8 A/dm2 . (A1-A6) are real-time 
images of a single sample; (B1-B4) are burnt samples with different burning time. 
4.3.2 Morphologies and element distributions of the burnt area 
The surface morphologies of burnt and burnt-free areas are presented in Fig. 4.3. The 
burnt area with obvious bulging structures and even cracks can be observed (Fig. 4.3A). 
It is generally believed that oxidation of aluminum is a volume expansion process, and 
the volume expansion during anodizing can be expressed by Pilling-Bedworth ratio (PBR) 




                            [4.1] 
Where Vox and Vm are the volume of grown oxide and consumed metal, respectively. It 
is proposed that the oxide film is easily crumbled due to the too much compressive stress 
when the PBR > 2 [5]. The higher magnification image of burnt area (Fig. 4.3B) shows 
that the porous-type oxide is formed again on the new-exposed aluminum inside the crack, 
and the surface cracks provide the local paths for electrolyte. Once the bulging structure 
appears, the current “run away” would occur. Then the bulging structure would start to 




Fig. 4.3 Surface morphologies of the anodic film formed at 8 A/dm2 . (A) and (B) are 
the boundary of the burnt area; (C) and (D) are the burnt-free and burnt areas, 
respectively 
Excepting for the burning caused by high stress, other burning phenomenon was not 
observed, e.g. accelerated corrosion of anodic film caused by oxidation heat accumulation 
at high current density [39]. Although there are visible sparks on the anode surface (Fig. 
4.2A1), it does not interrupt the oxidation balance and only some micro pits are bombed 
out on the anode surface (Fig. 3C and D). 
The EDS results of burnt area (Fig. 4.4) show that the Al content decreases from 49.56 
to 26.43 at% after the film is suffered from burning; however, the contents of other 
elements (O, P and C) increase. It can be explained by more incorporation of acid-anion 
as a result of the local high current density (sparking area). Furthermore, it was proposed 





Fig. 4.4 EDS results of the burnt area. 
4.3.3 Stable plasma discharge behavior 
To investigate the film growth with stable sparks, the anodizing was conducted at the 
current density of 6 A/dm2. Fig. 4.5A shows the V-t response curves of samples (1-5#) for 
different oxide time, indicative of good repeatability. Fig. 4.5B gives the whole changes 
in electrical signal-time response curves. It was seen that the oxidation process can be 
divided into four typical stages. The voltage first increases linearly to 306 V at a rate of 
18 V/s (stage I, 0~17 s). Then, a sudden reduction in slope is seen when the voltage 
increases linearly to 411 V at a rate of 0.54 V/s (stage II, 17~213 s). In this stage, a slight 
electrical signal fluctuation begins to appear; simultaneously, some weak and soft sparks 
are visible on the electrode (Fig. 4.6A). For stage III (213 s~60 min), the voltage gradually 
increases to 474~510 V with a strong electrical signal fluctuation, while the rising rate of 
voltage further reduces to 0.026 V/s. As shown in Fig. 4.6B-D, the discharges become 
more and more intensive by accompanying with a bursting sound, indicating the 
appearance of micro-arcs [42]. These stable micro-arcs are generally considered as the 
typical feature of MAO, which creates a high temperature and pressure environment for 
the reaction of various reactive species [43]. In the later period of stage III, the intensity 
of micro-arcs gradually decreases (Fig. 4.7), the soft sparks become dominant again, and 
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then they eventually disappear. Finally, the electrical signals stop strongly fluctuating and 
the voltage gradually decreases to ~410 V (stage IV). As shown in Fig. 4.7, a micro-arc 
continues to appear somewhere for more than 0.6 s (Fig. 4.7) when compared to the short 
duration (0.25–3.5 ms [33]) of that in normal MAO, which indicates the relative weak 
area here and insufficient breakdown energy. 
 
Fig. 4.5 Electrical signal-time response curves during the oxidation process in HEDP at 
6 A/dm2. (A) repeated experiments at different termination time; (B) the complete 
response curve of sample 5#. 
 
Fig. 4.6. Discharge behaviour on sample 
5# immersed in HEDP at 6 A/dm2 
Fig. 4.7. Discharge behaviour on sample 
5# at a moment during the end of stage 
III. 
4.3.4 Surface roughness and compositions of coatings 
The surface roughness and appearance of resultant coatings (1-5#) are presented in Fig. 
4.8A and B. The untreated aluminum with mirror bright finish first turn light green and 
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then turn gray, which indicates the increase in coating thickness and the crystal transition. 
The surface roughness of coating keeps increasing under the influence of plasma 
discharge. After 55 min oxide treatment, the roughness reached the maximum, i.e. Ra=2.9 
μm, and the later stage IV did not change the surface roughness. 
 
Fig. 4.8 (A) and (B) are surface roughnesses and color evolutions of oxide coatings; (C) 
and (D) are XRD results and the relative content of α-Al2O3 to γ-Al2O3. 
The XRD patterns of oxide coatings prepared at different time are presented in Fig. 
4.8C. The crystalline phases gradually appear due to the plasma-modification by sparks. 
The γ-Al2O3 first appears after 213 s treatment. The relative content of α-Al2O3 to γ-Al2O3 
(Iα/Iγ, Fig. 4.8D) reached ~3 after the sparks extinguish, which indicates a high hardness 
value [6, 37]. Moreover, the Iα/Iγ of 3 h is a little bigger than that of 55 min, which should 
be attributed to different sparking time of samples 4# and 5# (Fig. 4.5). 
4.3.5 Morphology evolution of coating formed at 6 A/dm2 
As given in Fig. 4.9, the surface and cross-sectional morphologies of the anodic film 
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formed for 17 s present two distinct features (Fig. 4.9B and C). Initially, the barrier layer 
with embryo pores rapidly form on aluminum (Fig. 4.9B). When the voltage reaches 300 
V, many micro pits or even grooves (Fig. 4.9A and C) appear randomly on the surface of 
barrier layer. In agreement with Fig. 4.3C and D, the micro pits are attributed to the 
bombardment of soft sparks. Notably, the barrier layer would not be brokendown by 
sparks, instead, the grooves with a depth of ~1 μm are formed here (the insert figure in 
Fig. 4.9C). 
 
Fig. 4.9 Surface and cross-sectional morphologies of sample 1#. (B) and (C) are the 
higher magnification images of the box areas of (A); (D) is a cross-sectional 
morphology of micro pits; a and b are the EDS tested locations. 
According to the existing plasma discharged models for MAO [33, 44], there are four 
types of discharge that can occur, i.e. the gas discharge near the anode surface (type A), 
the dielectric breakdown of coating (type B), the gas discharge deep in pores of coating 
(type C), and the internal discharges occurring in large pores near the interface between 
the inner and outer layers (type D). Undoubtedly, these soft sparks should be the type A 
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discharge at the barrier layer/electrolyte interface. This causes the thinning or even 
removal of barrier layer, generating the micro pits. Afterward, the current would focus on 
the micro pits due to the impedance reduction. The passive barrier layer would rapidly 
form at the bottom of micro pits again (Fig. 4.9D), simultaneously accompanying with 
more micro pores because of the induction of defects and stress (Fig. 4.9D). In addition, 
the micro pores would further motivate the discharges (type C). Thus, the continuously 
moving sparks cause the micro grooves (Fig. 4.9C). EDS results (Table 4.1) show that 
more O, P and C can be found around the plasma-modified (PM) area, indicating a 
generation of carbon-phosphorus compound caused by plasma heating. 
Table 4.1 EDS analyses on the surface of sample 1#. (the points in Fig. 4.9) 
Point Element composition (at%) 
O Al P C 
a 47.96 49.45 0.77 1.83 
b 60.73 31.63 1.99 5.66 
As the oxidation progress, the coating (which should not be called as film in the later 
stages) continues to thicken and the PM area gradually cover the whole aluminum surface 
with a short duration (Fig. 4.10), resulting in increases in voltage (Fig. 4.5) and intensity 
of sparks (Fig. 4.6B). Three features can be observed on coating formed for 213 s 
treatment, i.e. the bud of volcano-like structure, the nodular PM area, and the residual 
anodic film. The generation of volcano-like structure implies the melting of coating 
materials caused by dielectric breakdown. In addition, the evolution of embryo pores into 
honeycomb (residual anodic film, Fig. 4.10C) indicates that the field-assisted dissolution 
theory promotes the growth of oxide coating during stage II. 
EDS analyses have been made on these features as listed in Table 4.2. The 
concentrations of P and C of volcano-like structure (study point a in Fig. 4.10B) were 
lower than that of PM area (study area b in Fig. 4.10B). E. Matykina, et al [43] have 
proved that the melting process of anodic alumina would reduce the concentration of 
anion contaminants. The pyrolysis of compounds containing P and C can be used to 




Fig. 4.10 Surface and cross-sectional 
morphologies of sample 2#. (B) and (C) 
are the higher magnification images of 
the box areas of (A); a, b and c are the 
EDS tested locations. 
Fig. 4.11 Surface and cross-sectional 
morphologies of sample 3#. (A) surface 
image; (B) cross-sectional image; (C) is 
the higher magnification image of the box 
areas of (B)
Table 4.2 EDS analyses on the surface of sample 2#. (the locations in Fig. 4.10) 
Location Element composition (at%) 
O Al P C 
a 56.89 41.35 0.99 0.78 
b 62.92 32.74 2.31 2.03 
c 50.01 47.50 0.66 1.82 
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The coating formed for 30 min oxide treatment is presented in Fig. 4.11. Its surface is 
only featured by volcano-like structure, i.e., the MAO coating is generated, and no anodic 
area can be found. Moreover, some unclosed holes are observed on the coating surface. 
The cross-sectional images prove that there are big pores under the volcano-like structure 
(Fig. 4.11B). The big pores are caused by gas evolution associated with the strong 
discharges [27]. Besides, many small pores are observed on the cross-sectional 
morphology and the barrier layer seems to still be honeycomb structure (Fig. 4.11C), 
indicating the processes of gas evolution and ion migration at the barrier layer. The 
honeycombs at the bottom of big pores also prove this speculation (Fig. 4.11B). Moreover, 
Cheng et al. [44] have proposed that there should be secondary internal discharges in the 
big pores, which would cause heating and softening of the outer layer that allows the outer 
layer to be pushed outward due to stress generated by gas evolution from the formation 
of the inner layer. 
 
Fig. 4.12 Surface and cross-sectional morphologies of sample 4#. (A) surface image; 
(C) cross-sectional image; (B) and (D) are the higher magnification images of the box 
areas of (A) and (C), respectively. 
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Fig. 4.12 shows the morphologies of the coating when the sparks have just been 
extinguished. Clearly, the more dense and thick MAO coating is formed (Fig. 4.12A and 
C). The dendritic crystal caused by solidification of molten coating material can be 
observed in Fig. 4.12B, which implies a strong crystallization transformation and possible 
isotherm from the oval circle. When the sparks are extinguished and high-pressure state 
of plasma in the coating is released, the electrolyte would easily reach the barrier layer 
via cracks, pores or discharge channels, hence reducing the coating impedance (Fig. 4.5). 
The growing barrier layer would no longer be bombarded by sparks, and therefore, it 
grows up a little in a short time (Fig. 4.12D). 
 
Fig. 4.13 Surface and cross-sectional morphologies of sample 5#. (A) surface image; 
(B) cross-sectional image; (C) the surface image after removed the outer layer; (D)-(F) 
are the higher magnification images of the box areas of (B), respectively. 
Fig. 4.13 presents the morphologies of coating after 3 h oxide treatment. It clearly 
observes the coating with outer MAO layer and inner AAO layer (Fig. 4.13B). The inner 
AAO layer undoubtedly grows up in stage IV (Fig. 4.5B). Moreover, some pits (160~200 
nm) can be observed on the hole wall of AAO layer (Fig. 4.13E) and the bubbling 
behavior with smaller diameter can be observed in extruded honeycomb near the barrier 
layer (Fig. 4.13F). These pits may be caused by the discharge of the bubbles adsorbed on 
the wall, which was proved by the slight current fluctuation at the end of stage IV (Fig. 
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4.5B). These discharges do not have enough energy to pass through the AAO layer. The 
increase in the pit size can be attributed to the acidic dissolution. Similarly, the MAO 
layer would also suffer from corrosion of the electrolyte. After the sparks are extinguished, 
as MAO layer is continuously corroded by electrolyte, its blocking ability to the 
electrolyte is reduced, resulting in a continuous voltage drop (60~90 min of Fig. 4.5B). 
In addition, the morphological instability caused by reorganization of embryo pores 
should also be considered. 
4.3.6 Coating growth kinetics 
Fig. 4.14 shows the morphologies of coating near the O-ring prepared on sample 5#. 
Clearly, the area of coating not affected by sparks can be observed. This phenomenon is 
caused by the penetration of HEDP into the gap between the O-ring and substrate (Fig. 
4.14C). This indicates that the anodizing regime always powers the growth of coating 
from stages I to IV. Actually, the electrolyte can still reach the barrier layer during the 
discharge process [34, 44], which provides conditions for anodizing here. Moreover, the 
different coating areas (spark and non-spark areas, Fig. 4.14B) are on the same horizontal 
line, indicating that the growth of coating is hardly promoted by sparks. It should be noted 
that nothing can be sintered on the anode from pure HEDP solution by sparks except for 
a small amount of aluminum-containing chelate. 
The dependence of coating thickness on time is presented in Fig. 4.15A. It reveals a 
linear trend of outward growth rate of ~0.16 μm/min. By contrast, the inward growth rate 
(approximately ~0.10 μm/min) seems to share a type of “fast followed by slow” under 
the influence of sparks. However, the inward growth rate during the stage III (30~55min, 
Fig. 4.15A), where strong plasma discharge appears (Fig. 4.6C and D), has dropped and 
is the same as stage IV. It proves again that the plasma discharges have little contribution 
to coating thickening. Thus, the same gentle growth process of ion migration can be used 
to describe the stages of I~IV. The relative higher growth rate of the coating during stage 
I~III should be attributed to the pits as a result of plasma discharge on the initial thin 
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coating (Figs. 4.9D and 4.10B). 
 
Fig. 4.14 (A) and (C) are the cross-
sectional and surface morphologies of 
sample 5# near the O-ring, respectively; 
(B) The higher magnification image of 
the box area of (A). 
 Fig. 4.15 (A) The outward, inward 
growth curves of coating; (B) The 
changes in thickness of sub-layers; (C) 
The calculated anodizing ratio of coating. 
Fig. 4.15B shows the changes in thickness of sub-layers of coating. The MAO and 
AAO layers grow up in the different stages, respectively. The thickness of barrier layer 
(tb) gradually increases with oxidation time, which eventually reaches ~475 nm. Generally, 
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it is believed that the main voltage drop is loaded on the barrier layer of anodic film, 
ignoring the small impedances of porous layer and electrolyte. The “anodizing ratio 
(AR=tb/U)” is used to describe the dependence between the thickness of barrier layer (tb) 
and working voltage (U), which determines the ionic current (Jion) according to the 
exponential law [5, 45, 46]: 
𝑱𝑖𝑜𝑛 = 𝑨exp (𝑩∆𝑈/𝑡𝑏)                     [4.2]  
where A and B are material-dependent constants at a given temperature. Recently, Zhu 
et al. [14] proved that the AR is still applicable to MAO coating. Moreover, the existence 
of the electronic current (Je) has been testified by researches [47, 48], which is used to 
explain the evolution of oxygen bubbles on the anode (2O2- → O2 + 4e or 4OH
- → O2 + 
2H2O + 4e). The Je increases exponentially with the increase of tb and conforms to the 
following expansion: 
𝑱𝑒 = 𝒋𝒐 exp(𝜶𝑡𝑏)                         [4.3] 
where jo and α are the primary electronic current and impact ionization coefficient of 
the avalanche, respectively. The total current is composed of ionic current and electronic 
current, i.e. J = Jion + Je. 
Fig. 4.15C shows the dependence of AR vs time with a range of 1.0~1.2 nm/V, which 
is consistent with the AR for various electrolytes [16, 49-51]. Hence, the Jion is basically 
kept constant, which implies the stable growth of coating in all stages. For the case of CC 
mode, the increase of tb (Fig. 4.15B) results in the increase of Je, the decrease of Jion and 
then the increase of AR (17 s and 3h of Fig. 4.15C). Nevertheless, the Jion is much larger 
than the Je, and therefore the growth rate of coating is almost unaffected [23]. Moreover, 
the AR slightly decreases first (213s and 30 min of Fig. 4.15C) because the generated 
MAO layer is covered on barrier layer. After sparks are extinguished, the impedance of 
MAO layer is completely removed with the immersion of electrolyte, thus increasing the 
calculated AR. On the other hand, the reaction involved in anodic oxidation of aluminum 
is exothermic and the rise in temperature can be several tens of degrees centigrade at high 
current densities [52]. The increase of the coating thickness is bound to result in the 
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decrease of heat conduction. Then, the local higher temperature would cause a thinner 
barrier layer (Fig. 4.15C) and slight voltage drop (120~180 min, Fig. 4.5B) due to acidic 
dissolution [50]. 
4.3.7 Proposed growth mechanism 
According to the electrical signal-time responses and structural characterization 
presented above, the growth process of coating formed in HEDP at high current density 
can be divided into four stages, as schemed in Fig. 4.16. 
 
Fig. 4.16 The schematic diagram of the growth mechanism of coating prepared in 
HEDP at high current density 
Passivation stage (Fig. 4.16A): Initially, the anodic barrier film fast grows in a short 
time, and then the embryo pores generate with gas evolution. The outward immigrant Al3+ 
from the substrate reacts with the inward immigrant O2−, OH- and acid-anion (e.g. Y4- and 
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AlY4-) at the solid-liquid interface. An increase of current density leads to more 
incorporation of acid-anion in the film until the oxide cracking (Fig. 4.3) caused by 
volume expansion appears. The way to gradually increase the current may help to avoid 
the burning, which needs further studies.  
Soft sparking stage (Fig. 4.16B): As the growth of the anodic film, the voltage quickly 
increases to 300 V. Then, the electric field applied on the gas fills in the channel and pore-
defects of film sufficiently excites the spark discharges. However, the aluminum 
separated by spark from substrate would be dissolved by HEDP, but not deposited on 
anode through the form of oxide (Figs. 4.9 and 4.10). Moreover, the temperature of soft 
sparks insufficiently melts the generated alumina, but the craters and many micro pores 
would form around the PM area (Fig. 4.9D). These pore-defects would further promote 
the spread of sparks and even cover the entire surface. 
Micro arcing stage (Fig. 4.16C): The soft sparks would transform to high energy sparks, 
i.e. micro arcs, with the voltage increases up to 400V (Fig. 4.6). Micro arcs would cause 
the crystallization of oxides, and thus the outer MAO layer begins to form. Moreover, ion 
exchange still occurs on the barrier layer in this stage. The porous MAO layer can allow 
the immersion of electrolyte, and hence the electrolyte would be excluded the sparking at 
the moment accompanying with strong electric signal fluctuation (Fig. 4.5). The 
generated gas and the defects caused by extrusion of growing barrier layer to MAO layer 
would arouse gas discharges and dielectric breakdown. The micro arcs only heat and melt 
the coating material, and the bottom barrier layer provides the raw materials for growth 
of MAO layer. The small pores (Figs. 4.11C and 4.12D) observed near the barrier layer 
are the evidence of gas evolution. Contrasting with the widely used electrolytes 
containing cationic/anionic components that incorporate other elements into the coating 
or suspensions that provide cataphoretic transport of macroparticles [8], no other material 
can be deposited on the MAO layer by sparks in pure HEDP solution. For the given 
current density, the strong discharges would gradually disappear after the thickness of 
MAO layer reaches a certain value due to insufficient energy for breakdown.  
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Anodizing stage (Fig. 4.16D): After the high-pressure state of plasma in the coating is 
released, the electrolyte enters into the gap of the coating, in turn, giving rise to the 
formation of AAO layer. As the AAO layer is continuously thickened, a MAO/AAO 
composite coating is finally formed (Fig. 4.16E). Notably, the AAO layer proves the 
possibility of preparing anodic film in HEDP solution at 400V or higher, while the highest 
voltage so far is 280 V [16, 50, 51], which also needs further studies. 
4.4 Conclusions 
We present the systematic study on the growth behavior of coating formed in HEDP at 
the overlapping electrochemical windows of anodizing and MAO. The conclusions are as 
follows: 
1. The soft parks would be aroused when the voltage reaches 300 V, which generates 
the pits and micro pores on the barrier layer. The micro pores would further promote the 
appearance of micro-arcs. The burning of barrier layer at 8 A/dm2 is caused by oxide 
cracking. 
2. The MAO regime forms MAO layer first, and then the sparks would automatically 
extinguish and electrolyte would immerse in the coating. Afterwards, the inner AAO layer 
begins to grow under the anodizing regime. Finally, the MAO/AAO composite coating is 
obtained. 
3. The growth kinetics for the whole stages is a linear type, which comes from the ion 
migration at the barrier layer. The discharges have few contributions to coating thickening. 
The barrier layer would be partially converted into MAO layer after being bombarded by 
discharges. 
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Chapter 5 Ultra-fast fabrication of porous 
alumina film with excellent wear and 
corrosion resistance via HEDP hard 
anodizing 
5.1 Introduction 
Anodizing is the most commonly used surface strengthening technology applied to 
aluminum through the fabrication of a so-called porous anodic alumina (PAA) film [1-3]. 
Although the ordered PAA is widely used as the template for assembling nanomaterials 
due to its unique honeycomb nanopore structure [4-6], the anodizing process was first 
implemented in the 1920s for the purpose of protection [7], which does not necessarily 
require a highly ordered PAA. Many excellent engineering properties can be attached to 
aluminum via anodizing, such as wear resistance [8, 9], corrosion resistance [10, 11], and 
thermal and electrical insulations [12, 13]. 
Generally, PAA film consists of an outer porous layer and inner barrier layer, which 
dominate the mechanical properties and corrosion resistance, respectively. For the 
mechanical properties, the PAA porosity, which depends on both its pore diameter and 
inter pore distance, is the critical index. On the other hand, it is widely believed that the 
thicker the barrier layer, the higher the corrosion resistance of PAA. Subsequent sealing 
processes on PAA via water vapor or metal salt solutions are frequently carried out to 
further improve its corrosion resistance [14]. Nevertheless, these basic performance 
strongly depend on the type of electrolytes in which the PAA films are fabricated, such as 
chromic [15], sulfuric [16], oxalic [17], phosphoric [12], citric [18], selenic [19], and 
maleic [20] acids. Among these electrolytes, sulfuric acid anodizing is currently the 
primary commercial method for the surface reinforcement of aluminum alloy, due to 
factors of solution stability, formation efficiency, and film performance. However, the 
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sulfuric-acid-anodized film (Sul-film) still struggles to meet the industrial demands for 
performance and environmental protection, even though sulfuric acid hard anodizing [21, 
22] has been developed. 
More recently, the environmentally friendly etidronic acid (HEDP) anodizing has been 
proposed by Kikuchi et al. [23, 24] to fabricate ordered PAA in the submicron level with 
special structural coloration. They found that the anodized film prepared in etidronic acid 
(Eti-film) can retain a higher hardness (~600 HV) than can the hard Sul-film (300–550 
HV) due to the low porosity (as low as 4%) [25]. Moreover, it was reported that the thick 
barrier layer of Eti-film promises an excellent alkaline corrosion resistance due to a high 
anodizing voltage (200–300 V) [14]. However, rapidly fabricating the Eti-film with a 
certain thickness is still a challenge. 
Regarding the anodizing efficiency of Eti-film, Sepúlveda, et al. [26] noted that the 
growth rate of Eti-film can reach ~20 μm/h during potentiostatic anodizing at a high 
temperature (270V, 40ºC). However, galvanostatic anodizing is actually more suitable for 
industrial production than is potentiostatic anodizing. Subsequently, Iwai et al. [27] 
investigated the time required for the recovery of the anodizing voltage and the burning 
current densities via galvanostatic anodizing in HEDP solutions with different 
temperatures; however, they did not mention the growth rate of Eti-film. It is well known 
that the growth rate of PAA strongly depends on the applied current density [28, 29], 
while an excessive current causes the burning of PAA due to the accelerated acidic 
dissolution of the film induced by the reaction heat (also called Joule heat) [30, 31]. 
Whereupon, Huang et al. [32, 33] combined the single-sided and low-temperature (0–10 
ºC) techniques to timely remove the reaction heat of HEDP anodizing at high current 
density (~8 A/dm2), while a micro-arc oxidation (MAO) regime was aroused and a 
coating with MAO/PAA double layers was ultimately prepared. Notably, the PAA layer 
galvanostatically prepared at 4–7 A/dm2 implied the possibility of HEDP hard anodizing 
[32,33]. 
In this study, we demonstrated the fast-fabrication strategy of Eti-film on 6063T5 
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aluminum alloy. The growth behaviors and microstructures of the Eti-film were first 
investigated just under the burning current densities in the temperature range of 15–45°C, 
and the optimal temperature for the fast-fabrication strategy of Eti-films was determined 
to be 35°C. Then, the possibility of super-high-current anodizing (up to 15 A/dm2) in an 
HEDP solution was proven via a gradient-increase-current approach; ultimately resulting 
in a high growth rate (2.1 μm/min), excellent hardness (up to 11 GPa) and branched-
nanoholes structure of Eti-film. Moreover, the anodizing voltage broke the limit of ~300 
V reported in the literature [24] and reached ~460V, causing a much thicker barrier layer 
(~510 nm). By comparison, the wear and corrosion performance of the hard-anodized Eti-
film was much better than that of the hard-anodized Sul-film. 
5.2 Experimental procedure 
5.2.1 Sample preparation 
6063T5 aluminum alloy (UACJ, JP) was cut into rectangular pieces (40 mm×10 mm×2 
mm) and ground with abrasive papers (320–800#). Then, the pieces were 
electrochemically polished in a 60 wt% HClO4 /C2H5OH mixture (v: v = 1: 4) at 25 V for 
2.5 min under -5–5ºC. Finally, all samples were sealed with an exposed area of 3.8 cm2. 
The compositions of the 6063T5 aluminum alloy are listed in Table 5.1. 
Table 5.1 Composition of 6063T5 aluminum alloy in wt% 
Si Fe Cu Mn Mg Cr Zn Ti Others Al 
0.40 0.15 0.00 0.02 0.48 0.00 0.00 0.01 < 0.05 Balance 
The details of the electrolytic cell have been described elsewhere [32]. The anodizing 
was conducted in 0.2 M etidronic acid (CH3C(OH)[PO(OH)2]2, HEDP, TCI, JP) solution 
with temperatures of 15, 25, 35 and 45 ± 0.5ºC at 0.5–15 A/dm2 for 1h or until the 
appearance of the critical electrical breakdown of the film. A power supply (PWR1201H, 
Kikusui Electronics, JP) was used for anodizing and the electric signals were measured 
during the anodizing process. 
The hard-anodized Sul-film was also prepared on 6063T5 aluminum alloy in 30 wt% 
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sulfuric acid solution at -5 ± 0.5ºC, 3 A/dm2 current density, and 75% duty cycle (to avoid 
burning) to compare with the Eti-film. The thicknesses of both the Sul-film and Eti-film 
used for performance comparison were adjusted to ~40 μm. 
5.2.2 Characterization 
The broken sections of anodized films were fabricated to observe the barrier layer; the 
polished cross-sections of the anodized films after mounting in epoxy resin were prepared 
for thickness and hardness measurements. The surface and cross-sectional morphologies 
of the anodized films were investigated by scanning electron microscopy (SEM, S-4300 
and SU-70, Hitachi, JP). Before the SEM examination, all samples were coated with 
platinum to increase their conductivity. The pore diameter, porosity, and thickness of the 
anodized films were measured from the SEM images using software (Image J 1.42q). 
The elemental compositions and distributions of the Eti-films were evaluated via 
energy dispersive spectrometry (EDS, Oxford Instruments) coupled to the SEM (SU-70) 
and X-ray photoelectron spectroscopy (XPS, ESCA5400, ULVAC-PHI, JP). The samples 
used for the XPS measurements were etched with argon ions for 5 min in advance, and 
the XPS spectra were corrected by reference to the Ar2p3/2 (242 eV) and Ar2p1/2 (244 
eV) peaks. 
The crystal state of the Eti-film was determined by using a high-resolution X-ray 
diffractometer (XRD, SmartLab9K-INP, Rigaku, JP) and selected-area electron 
diffraction (SAED) analysis via a transmission electron microscope (TEM, HT7830, 
Hitachi, JP) at 120 kV. The sample used for TEM was fabricated with a the focused ion 
beam (FIB, FB2000A, Hitachi, JP). 
The hardness HIT and elastic modulus EIT of the anodized films were measured on their 
cross-sections at a load of 0.025 N for 10 s by a nanoindentation tester (DUH-211, 
Shimadzu, JP) equipped with a Berkovitch diamond indenter. The hardness was also 
evaluated via the Vickers method at a load of 0.1 N (HM-200, Mitutoyo, JP). Each value 
was measured at least three times, and the average was taken. The wear resistance of the 
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film was evaluated by the reciprocating motion approach of an UMT TriboLab (BRUKER, 
USA) for 30 min. A GCr15 steel ball (Φ 9.5 mm, HRC 62) and the anodized aluminum 
block were set as the friction pairs. The load was 10 N and the frequency was 5 Hz. The 
wear scars were examined with a profilometer (Form Talysurf Intra, Taylor Hobson, UK) 
and SEM-EDS. 
An electrochemical workstation (CS2350H, Corrtest, CHN) was used to analyze the 
corrosion resistance of the films with electrochemical impedance spectroscopy (EIS) and 
potentiodynamic polarization tests in a 3.5 wt% NaCl solution at room temperature 
(20~25ºC). A saturated calomel electrode (SCE), a platinum plate, and the anodized 
aluminum were set as the reference, counter, and working electrodes, respectively. Before 
the test, the samples were sealed with the evaluated areas of 1 cm2, then immersed in 
NaCl solution for 1 h to reach a steady open-circuit potential (OCP). Afterwards, an EIS 
measurement was performed by applying the signal amplitude of 10 mV on an OCP over 
a frequency from 10-2 to 105 Hz, 1 point per decade. Potentiodynamic polarization was 
carried out by applying a ± 250 mV polarization based on the OCP at a scanning rate of 
1 mV/s. Zview and Cview software were used to simulate the EIS and polarization data, 
respectively. 
5.3 Results and discussion 
5.3.1 Effect of electrolyte temperature on the Eti-film 
First, we investigated the HEDP anodizing behavior of 6063T5 aluminum alloy at 
different temperatures (15, 25, 35, and 45°C), as shown in Fig. 5.1. Large differences in 
the voltage-time curves were observed (Fig. 5.1A). During the anodizing process at 15°C, 
the voltage quickly increased to ~400 V in 1200 s. Both a soft spark on the aluminum 
anode and the voltage fluctuation were observed at the same time, which imply the 
establishment of the MAO regime [32, 33]. Because of the low conductivity and high 
viscosity of the HEDP solution at a relatively low temperature [33], the electrical 
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breakdown value of the bubbles generated in the nanopores can be easily reached; thus, 
a porous MAO coating was ultimately formed (Fig. 5.2A). 
 
Fig. 5.1 (A) Voltage-time curves of anodizing at 1 A/dm2 for 1 h with different HEDP 
temperatures; (B) thicknesses of the resultant Eti-films. 
During the anodizing processs at 25–45°C, typical anodizing behaviors were observed, 
i.e., the voltages increased gradually after passing through an overshoot in a short time 
(Fig. 5.1A). These overshoots signify the reorganization processes of the initial 
embryonic pores [2]. Notably, the overshoot is generally followed by a plateau voltage 
[27]. The increase rate in the voltage at 25°C reached ~2.5 V/min and was much higher 
than that at 35 and 45°C (Fig. 5.1A). Nevertheless, the resultant thickness of the Eti-film 
obtained at 25°C was not the thickest (~9 μm, Fig. 5.1B). The low porosity of the Eti-film 
(Fig. 5.2B1) caused by the low corrosion of the HEDP solution with a low temperature 
can be used to explain this phenomenon. By contrast, the increase in electrolyte 
temperature resulted in the increase in porosity of the Eti-films (Figs. 5.2C1 and D1); the 
corresponding voltages were therefore relatively low and stable. Moreover, serious 




Fig. 5.2 Surface (A1, B1, C1 and D1) and cross-sectional (A2, B2, C2, and D2) 
morphologies of Eti-films fabricated in HEDP solution at 1 A/dm2: (A) 15 °C; (B) 
25 °C; (C) 35 °C; (D) 45 °C. 
5.3.2 Electrochemical behaviors of anodizing just under the burning 
current 
Anodizing processes powered by different current densities were then carried out (Fig. 
5.3). It was seen that increasing the current caused more severe signal fluctuations during 
anodizing at 15°C. During the anodizing processs at 25 and 35°C, as the current density 
increases, the time required for the voltage overshoot decreases, and the voltage increases 
faster. Burnings of the Eti-films were observed at 3, 4, and 2 A/dm2 for the 25, 35, and 
45°C processes, respectively. Notably, the voltage curves suggest that the voltage “run 
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away” process caused by the burning was not completely out of control (Figs. 5.3B, C, 
and D). Moreover, when the voltage exceeded ~450 V, the rapid fluctuations of electrical 
signals and bursting sounds indicated the high-voltage breakdown of the Eti-film (25°C, 
Fig. 5.3B). Fig. 5.4D shows the appearances of burnt-free, burnt and breakdown samples. 
It can be seen that the burnt and breakdown areas exhibited a darker color than the burnt-
free Eti-film. 
 
Fig. 5.3 Voltage-time curves of anodizing just under the burning current: (A) 15 °C; (B) 
25 °C; (C) 35 °C; (D) 45 °C. 
In general, for anodizing in conventional electrolytes (i.e., sulfuric, oxalic and 
phosphoric acids), the burning process refers to the localized accelerated dissolution of 
the anodic film, which is caused by the accumulated reaction heat [2, 30]; it manifests as 
a sharp decrease in the voltage in the galvanostatic mode. For the HEDP anodizing, the 
extremely high anodizing voltage undoubtedly causes a great amount heat, which is 
enough to arouse the candoluminescence (2 A/dm2 at 35°C, Figs. 5.4A and B). 





Fig. 5.4 Images of anodizing process and the resultant Eti-films. (A and B) Anodizing at 
2 A/dm2, 35°C; (C) Burning of Eti-film at 4 A/dm2, 35°C; (D) The resultant Eti-films. 
 
Fig. 5.5 (A1–A3) Burnt areas of Eti-film prepared at 35 °C (4 A/dm2 for 1 h); (B1–B3) 
Electrical breakdown areas of Eti-film prepared at 25 °C (2 A/dm2 for 30 min). 
Fig. 5.5 reveals the surface morphologies of the burnt and breakdown areas of the Eti-
films. Clearly, the burnt area shows a continuous film loss, contrasting with a dispersive 
film loss in the electrical breakdown area. Notably, only the outer porous layers of the 
Eti-films were stripped, whereas the barrier layers of the Eti-films still remain on the 
surface of the aluminum (Figs. 5.5A3 and B3). 
It is generally known that most of the anodizing voltage appears across the barrier layer; 
thus, the circuit voltage would not significantly decrease as the burning or breakdown 
happens (Fig. 5.3). Actually, bulging and cracking were observed instead of dissolution 
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on the burnt area of the Eti-film surface [27, 33], which can be attributed to the volume 
expansion during alumina formation [34, 35]. Therefore, the large internal stress in the 
Eti-film with a low porosity should be the reason for the blockage of the high-growth 
process in the early stage of anodizing. On the other hand, it is difficult to completely 
avoid the high-voltage breakdown of Eti-film during the late stage of anodizing. Overall, 
increasing the temperature can increase the electrolyte’s corrosion of the Eti-film, which 
not only releases part of the internal stress of the Eti-film but also results in larger nano 
pores and a thinner barrier layer. Therefore, the possibility of an electrical breakdown of 
the generated bubbles in the porous layer would be reduced during the late stage of 
anodizing (Fig. 5.3). 
 
Fig. 5.6 Eti-films prepared at 1 A/dm2 (A1–A4), 2 A/dm2 (B1–B4), and 3 A/dm2 (C1–
C4) in 35 °C HEDP solution for 1 h. (A1, B1, and C1) Surface morphologies; (A2, B2, 
and C2) Cross-sectional morphologies; (A3, B3, and C3) Barrier layers; (A4, B4, and 
C4) Distributions of pore diameter of Eti-films. 
Fig. 5.6 presents the morphologies of the Eti-films prepared at 35ºC. The pore diameter, 
porosity, and film thickness as well as the barrier layer thickness clearly increase with the 
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current density. Nevertheless, the porosity of the Eti-film prepared at 3 A/dm2 is still as 
low as 9.9%. The growth rate of the Eti-film prepared at 3 A/dm2 is ~0.69 μm/min, and 
the thickness of barrier layer is as high as ~450 nm (Figs. 5.6C2 and C3). Thus, this Eti-
film is expected to retain excellent wear and corrosion resistances. Moreover, the large 
pores (~200 nm in diameter) in the Eti-film can allow a much larger filler to enter than in 
the Sul-film (~20 nm in diameter, Fig. 2.3); thus, its application is expected to be 
expanded. 
5.3.3 HEDP hard anodizing 
To suppress the burning of the Eti-film during anodizing with a high current density, 
the HEDP anodizing was first conducted at a relatively low current density (2 A/dm2) for 
300 s and was subsequently increased to the target values (5, 10, and 15 A/dm2) at a rate 
of 1.3 A/dm2·min (Fig. 5.7A). It was seen that 300 s is enough time to form the initial 
embryos of the Eti-films (reflected as the voltage overshoot), and the initial Eti-films are 
sufficient to resist the subsequent current increase processes. During the current increase 
processe, the voltages rise slowly over a small range. After reaching the target current 
densities, the voltages start to rise at different rates. Considering the high electrical 
breakdown of the Eti-film, the anodizing was stopped when the voltage reached ~460 V. 
Fig. 5.7B shows the images of obtained the Eti-films; it can be seen that the color of the 
Eti-film changes from off-white to brown as the current density increases. 
Fig. 5.8 shows the morphologies of the Eti-films fabricated by the hard anodizing in 
Fig. 5.7. Reticular grain boundaries with a certain depth were observed on the surface of 
the Eti-films (Figs. 5.8A1, B1 and C1) and can be attributed to the poor corrosion 
resistance of the grain boundaries of 6063T5 substrate [36]. Moreover, many micron-
level holes were observed on the surface and cross-section of the Eti-film. The alloying 
elements of 6063 aluminum alloy are primarily Mg, Si, and Fe in the forms of Mg2Si and 
AlSiFe [37]; the electrode potentials of these second phases are more negative than that 
of the aluminum matrix. During anodizing, the Mg2Si and AlSiFe phases dissolve into 
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the HEDP solution; thus, holes appear on the Eti-film. The same phenomenon was 
observed on hard-anodized Sul-film (Fig. 2.3A). 
 
Fig. 5.7 Anodizing via gradient-increase-current approach: (A) Electrical signal curves; 
(B) Images of the obtained Eti-films. 
 
Fig. 5.8 Morphologies of Eti-films prepared via HEDP hard anodizing. (A1–A4) 5 
A/dm2; (B1–B4) 10 A/dm2; (C1–C4) 15 A/dm2; (A1, B1, and C1) Surface morphologies 
with a low magnification; (A2, B2, and C2) Surface morphologies with a high 





Fig. 5.9 Anodizing ratio of Eti-film prepared at 35°C. 
Notably, the porosities and pore diameters of the hard-anodized Eti-films prepared at 
5, 10, and 15 A/dm2 are nearly the same (Table 5.2), ~9% and ~220 nm, respectively. 
These surface pore structures were greatly influenced by the initial anodizing process, i.e., 
2 A/dm2 for 300 s. For the Eti-film prepared at 2 A/dm2 (Fig. 5.6B), a porosity of 6.67% 
and pore diameter of ~160 nm were observed. Because of the higher current density, more 
reaction heat is generated, and the corrosion of the Eti-film is accelerated, resulting in the 
increased porosity. However, the porosities of the Eti-films are still lower than 10% due 
to the short time the Eti-films are exposured to HEDP. Moreover, the same barrier layer 
thicknesses (~510 nm, Table 5.2) can be attributed to the unified ending voltage of 
anodizing (460 V). In this work, Fig. 5.9 shows that the anodizing ratio of the Eti-film 
prepared in HEDP at 35°C is ~1.1 nm/V and is consistent with that in other acidic 
solutions [2, 38], which indicates the same growth kinetics as thoes of the hard-anodized 
Eti-film. 
Interestingly, the thicknesses of the Eti-films prepared at 5, 10, and 15 A/dm2 are almost 
the same (~40 μm, Table 5.2), which might be a coincidence caused by the different 
anodizing times (Fig. 5.7A). For the gradient anodizing at 15 A/dm2, the average growth 
rate of the Eti-film reaches ~2.1 μm/min. Moreover, it was pointed out that an increase in 
temperature would lead to a higher efficiency of film formation [38]. Our results showed 
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that the formation efficiency of the Eti-film increased from 0.33 to 0.42 μm·cm2/C with 
the increase of current density (Table 5.2, the charge was calculated by integrating the 
area of the curve of the current density vs time). 
Table 5.2 Structural parameters, growth rates, and formation ratios of Eti-films prepared 












































5.3.4 Elemental composition and crystalline state of the hard anodized 
Eti-film 
XPS spectra (Fig. 5.10) indicated that the main elements in the Eti-films are Al, O, C, 
and P. For the Al2p photoelectron region, the peaks at 74.9 eV and 74.1 eV are assigned 
as Al2O3 and AlOOH (or Al(OH)3) [39], respectively. Notably, an increase in the area ratio 
of Al2O3/AlOOH (or Al(OH)3) with the current density can be observed. It could be 
explained as the dehydration phenomenon of the film during anodizing at high 
temperatures (Fig. 5.4B). For the C1s photoelectron region, the peaks at 284.8 eV and 
286.1 eV correspond to the bonds of C-C/C-H and C-O [18, 40], respectively. The C-O 
bond (Fig. 5.10B) can be attributed to the carbide deposition caused by the pyrolysis of 
HEDP, thus causing the color change in the Eti-films (Fig. 5.7B). It was also proven by 
the higher C content of Eti-15 (20.2 at%) than that of Eti-2 (7.5 at%). The EDS results 
(Fig. 5.11) indicated that the carbide deposition occurs only on the surface of the Eti-film, 
i.e., the interface between the high-temperature Eti-film and the low-temperature 




Fig. 5.10 XPS results of Eti-films prepared at (A) 2 A/dm2, marked as Eti-2, and (B) 15 
A/dm2, marked as Eti-15. 
 
Fig. 5.11 EDS line analysis on Eti-film prepared at 15 A/dm2. 
Fig. 5.12 presents the XRD and SAED patterns of Eti-15. It is known that PAA film is 
amorphous, while Li et al. recently reported that crystallized PAA film can be fabricated 
under ultra-high anodizing voltage [41]. In this work, only the broad pattern (from 20–
30°) of amorphous aluminum oxide and the diffraction peaks of aluminum substrate were 
observed (Fig. 5.12A), although the energy input used to prepare our PAA film is higher 
than that used in Li’s work. Moreover, we still did not find crystal islands in the Eti-15 




Fig. 5.12. Crystallization state of Eti-film prepared at 15 A/dm2 (Eti-15). (A) XRD 
pattern; (B) TEM brightfield image with SAED pattern near the barrier layer. 
5.3.5 Mechanical performance of the hard anodized Eti-film 
 
Fig. 5.13 Nanoindentation analysis of Eti-films and Sul-film at the load of 0.025 N: (A) 
Hardness and Elastic modulus; (B) H/E ratio. 
Fig. 5.13 presents comparisons of the hardness and elastic modulus between the Eti-
films and Sul-3. In addition, a comparison of the Vickers hardness was also conducted 
(Fig. 5.14). The results show that the hardness of Sul-3 for reference reached ~6 GPa (> 
500 HV0.01, Fig. 5.14), which is close to the highest value (~550 HV) of hard Sul-film 
reported in the literature [42-45]. Notably, the hardness of the Eti-films significantly 
exceeded this limit and reached 7–11 GPa (600–1000 HV0.01, Fig. 5.14), which is harder 
than the porous layer of most MAO ceramic coatings [46, 47]. Moreover, the hardness 
increases gradually from the surface to the interior. The elastic modulus shows the same 
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trend as the hardness. However, the H/E ratio (Fig. 5.13B) shows the opposite trend, i.e., 
it decreases gradually from the surface to the interior. The highest H/E ratio of the Eti-
films reached ~0.09, while that of Sul-3 was only ~0.06. It is generally believed that the 
high H/E ratio is often a reliable indicator of good wear resistance in a film [48]. 
 
Fig. 5.14 Vickers hardness test results of Eti-15 and Sul-3 films 
Such a high hardness value for the Eti-film can be mainly attributed to the dehydration 
phenomenon of Eti-films during anodizing at high temperatures (Fig. 5.10 and 5.4B). 
Kikuchi et al. [25] proved that subsequent thermal treatment of Eti-film causes  
dehydration and corresponding hardening. On the other hand, Table 5.2 lists the surface 
porosities of the Eti-films (~9%), which are much higher than that of the Sul-3 film 
(~6.6%, Fig. 2.3). In fact, the true porosities inside the Eti-films should be lower than 
their surface porosities. It should be noted that the sharp rise in anodizing voltage (Fig. 
5.7A) caused the merger of the film cells at the film/substrate interface (Fig. 5.15A and 
B). Consequently, the Eti-film with branched nanoholes [49] was prepared (Fig. 5.15C). 
The decreasing porosity along the film thickness would also cause this kind of hardness 
distribution (Fig. 5.13A). Considering the above two factors, the result that the highest 





Fig. 5.15 (A) The surface morphology of Eti-15; (B) The bottom morphology of Eti-15; 
(C) The schematic diagram of film structure. 
The comparison of wear resistance between the Eti-15 and Sul-3 films is illustrated in 
Fig. 5.16. After the run-in period, the friction coefficients of the Eti-15 and Sul-3 films 
were stable at ~0.7 and ~0.8, respectively, in contrast to the gradually increasing vertical 
displacement (Fig. 5.16A). The much higher vertical displacement of Eti-15 compared to 
that of Sul-3 can be attributed to the severe wear of the GCr15 steel ball (insert image in 
Fig. 5.16A) and was also proven by the cross-sectional profiles of the wear scars of the 
anodic films (Fig. 5.16B). Due to the high-speed growth of the Eti-15 film, it shows a 
rougher surface than that of the Sul-3 film. After sliding for 30 min, a groove with a width 
of ~1 mm and depth of ~5 μm was scratched on the Sul-3 film, while there was no 
significant change in the Eti-15 film except for the reduction in surface roughness around 
the sliding area. Fig. 5.17 shows the surface morphologies of the two wear scars, and the 
wear scar on the Sul-3 film was more obvious than that on the Eti-15 film. Moreover, it 
was found that many abrasive particles falling from the GCr15 steel balls remained on 
the surface of the Eti-15 film (Fig. 5.17A2). The EDS analysis of these abrasive particles 
indicated that their primary element is Fe. By comparison, few Fe was found on the wear 




Fig. 5.16 (A) Friction coefficients and vertical displacements as functions of sliding 
time, the insert image shows the appearance of the GCr15 steel ball after testing Eti-15; 
(B) Cross-sectional profiles of wear scars. 
 
Fig. 5.17. Surface morphologies of the wear scars on (A1) Eti-15 and (B1) Sul-3 films; 
(A2) and (B2) are the corresponding EDS mapping results. 
Overall, the wear resistance of the Eti-15 film is excellent as shown by the hardness 
test results (Fig. 5.13 and 5.14) and is significantly better than some MAO coatings tested 
under the same conditions [50-52]. Although MAO coatings are known for their high 
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hardness and wear resistance as compared with hard-anodized films, their loose outer 
layers and high energy consumption are the critical drawbacks that lead to limited 
applications. 
5.3.6 Corrosion resistances of the hard anodized Eti-film 
Fig. 5.18 depicts the polarization curves of the samples after the steady OCP values in 
3.5 wt% NaCl were reached. The corrosion potential (Ecorr) and corrosion current (icorr) 
were obtained through Tafel fitting, and the polarization resistance (Rp) was calculated by 
Rp fitting, as listed in Table 5.3. It can be seen that both the Ecorr and icorr values decreased 
after the 6063T5 aluminum alloy was anodized. The anions that enter the anodic film 
from the solution cause a higher active stage; therefore, the Ecorr of the anodic film is 
lower than that of the aluminum substrate, while the low icorr can be attributed to the thin 
and dense barrier layer which provides the high Rp (Table 5.3). Because the thickness of 
the barrier layer of the Eti-15 film (~510 nm, Fig. 5.8 and Table 5.2) is nearly 10 times 
than that of the Sul-3 film, the Eti-15 film exhibited the lowest icorr (10
-10 A/cm2), which 
was an order of magnitude lower than that of Sul-3 film and three orders of magnitude 
lower than that of the 6063T5 aluminum alloy.  
EIS is widely used to evaluate the corrosion mechanism of anodic film [10]. Fig. 5.19 
shows the EIS results of the Eti-15 and Sul-3 films immersed in 3.5 wt% NaCl for 14 d. 
It can be seen in the Nyquist plots (Fig. 5.19A and D) that the semicircle of the Eti-15 
film was significantly larger than that of the Sul-3 film. Moreover, the radius of the 
Nyquist plots (the high frequency region) of both the Eti-15 and Sul-3 films first decrease 
and then increase with immersion time. In the low-frequency region of the Nyquist plots 
after the Eti-15 was immersed in NaCl solution for 2–5 d (Fig. 5.19A), the occurrence of 
a Warburg impedance might indicate an increase in the diffusion resistance of the ions in 
the porous layer. In the phase angles in the Bode plots of the Eti-15 and Sul-3 films (Figs. 
5.19B and E, respectively), the phase angle of the Eti-15 film approached near -90° over 
a wide range indicating its high resistance and low capacitance, which are significantly 
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different from thoes of the Sul-3 film. On the other hand, the impedance Bode plots 
indicated the high impedance in |Z| of the Eti-15 film (Fig. 5.19C) at low frequency, which 
was at least an order of magnitude higher than that of the Sul-3 film (Fig. 5.19E). 
 
Fig. 5.18 Polarization curves of Eti-15 and Sul-3 films and 6063T5 aluminum alloy 
substrate exposed in 3.5 wt% NaCl. 
Table 5.3 Electrochemical parameters of the polarization curves 
 Eti-15  Sul-3 6063T5 aluminum alloy 
Ecorr (VSCE ) -0.735 -0.824 -0.591 
icorr (A/cm
2 ) 3.72×10-10 3.80×10-9 3.33×10-7 
Rp (Ω·cm
2) 1.71×108 1.98×107 8.34×104 
Generally, two constant phase elements (CPE) are used to consider the nonideal 
capacitive values of anodic film [53]. To facilitate a comparison of all fitted data, the 
Warburg impedance is not considered in the fitting process. Thus, the equivalent circuit 
model (Fig. 5.19F) can be used to simulate the EIS results: Rs(CPEpRp)(CPEbRb), where 
Rs is the solution resistance; CPEp and CPEb are the constant phase elements of the porous 
and barrier layers, respectively; and Rp and Rb are the charge transfer resistances of the 





                          [5.1] 
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where 𝜔  corresponds to the angular frequency (rad/s). When n = 0, the CPE is 
considered as a resistor, and when n = 1, the CPE can be simplified to a capacitor. Table 
5.4 lists the fitting data. Furthermore, the capacitance of the CPE (Cb for CPEb and Cp for 
CPEp), takes the form: 
𝐶 = 𝑄1 𝑛⁄ 𝑅(1−𝑛) 𝑛⁄                           [5.2] 
 
Fig. 5.19 EIS diagrams of Eti-15 (A, B and C) and Sul-3 (D and E) films exposed in 3.5 




Table 5.4 Equivalent circuit parameters obtained from the impedance data fitting at 
different immersion times 3.5 wt.% NaCl. The Rs of Eti-film was artificially set as 10 



















0 10 2.77E-08 0.95433 9.47E+06 1.10E-08 0.95448 2.52E+08 
1 10 9.14E-09 0.94223 6.65E+07 4.12E-08 0.94996 1.70E+08 
2 10 7.53E-09 0.93937 1.27E+07 2.69E-07 8.97E-01 2.38E+07 
3 10 6.73E-09 0.92404 1.56E+07 3.99E-07 0.93003 7.99E+06 
4 10 7.49E-09 0.93328 1.80E+07 2.95E-07 9.30E-01 6.69E+07 
5 10 6.44E-09 0.91662 1.32E+07 1.62E-06 9.30E-01 3.18E+07 
6 10 7.94E-09 0.92612 1.18E+08 5.78E-08 0.93056 1.61E+08 
7 10 8.48E-08 0.97867 2.07E+05 8.84E-09 0.93788 2.34E+08 
8 10 1.01E-08 0.93472 5.03E+08 2.64E-08 0.91942 9.28E+08 
9 10 1.39E-08 0.92952 3.93E+08 1.60E-08 0.93123 1.62E+09 
10 10 1.19E-07 0.99746 9.16E+05 8.41E-09 0.93592 9.77E+08 
11 10 6.74E-08 0.9491 197310 9.22E-09 0.94257 1.07E+09 
12 10 4.14E-08 0.93106 1.00E+07 9.51E-09 0.9375 1.16E+09 
13 10 6.57E-08 0.94978 275360 9.54E-09 0.94386 1.94E+09 
14 10 6.72E-08 0.95051 319660 9.70E-09 0.94651 1.88E+09 
Sul-3 
0 14.684 8.50E-06 0.67571 384.29 2.71E-07 0.92453 8.24E+07 
1 15.239 8.45E-06 0.67053 304.71 2.71E-07 0.93329 5.19E+07 
2 13.108 1.13E-05 0.63581 370.3 2.88E-07 9.27E-01 2.03E+07 
3 13.27 1.20E-05 0.62373 522.13 2.91E-07 0.93034 2.68E+07 
4 13.435 1.03E-05 0.63184 524.69 2.90E-07 0.93384 5.35E+07 
5 13.687 1.03E-05 0.62901 493.07 2.96E-07 0.92881 4.34E+07 
6 13.298 9.24E-06 0.62735 737.73 3.02E-07 0.93029 4.52E+07 
7 12.634 9.00E-06 0.62195 882.18 2.91E-07 0.93257 6.11E+07 
8 12.456 8.58E-06 0.62121 998.33 3.00E-07 0.9321 5.86E+07 
9 12.66 7.58E-06 0.62689 890.55 3.00E-07 0.92976 5.86E+07 
10 13.1 7.44E-06 0.63 829.51 3.10E-07 0.93172 4.33E+07 
11 11.437 6.93E-06 0.62661 1043.4 3.22E-07 0.92967 4.46E+07 
12 11.821 4.86E-06 0.64352 924.22 3.13E-07 0.92543 5.55E+07 
13 9.2959 5.94E-06 0.61777 1752.6 3.13E-07 0.92609 6.15E+07 





Fig. 5.20 Changes in Rb (A), Rp (B), Cb (C), and Cp (D) of anodic films with the 
immersion time in 3.5 wt% NaCl solution. 
Fig. 5.20 presents the simulated values of the elements, i.e., Rb, Rp, Cb and Cp. In the 
early stage of immersion (2–5 days), a reduction in Rb and increase in Cb of the Eti-15 
film were observed, meaning the erosion of the barrier layer from Cl-. However, all 
simulated values of the Sul-3 film are relatively stable. Actually, the defects introduced 
in the Eti-15 film during the high-speed growth would also accelerate the erosion from 
Cl-. With a prolonged immersion time, the Rb and Cb of the Eti-15 film start to stabilize, 
indicating the saturation of the Cl- penetration. Moreover, the self-sealing phenomenon 
of Eti-film should also be considered. Fig. 5.10B proved that the less hydrated alumina 
in the Eti-15 film are due to high temperature anodizing. It should be pointed out that 
the anhydrous alumina react with absorbed water, and then the volume expansion of 
the anodic film caused the self-sealing phenomenon [53]. Moreover, the branched 
nanoholes structure (Fig. 5.15) also impedes the penetration of electrolytes into the Eti-
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film, thus causing the high Rp value. In general, such a thick barrier layer in the Eti-15 
film dominated the excellent corrosion resistance, which is much higher than that of 
Sul-3 film. 
5.4 Conclusions 
Based on the experimental investigations and analysis regarding HEDP anodizing of 
6063T5 aluminum alloy, the following conclusions may be drawn: 
1. Low-temperature anodizing (≤ 15°C) tends to arouse the MAO regime and coatings; 
high-temperature anodizing (≥ 45°C) causes the HEDP electrolyte to excessively corrode 
the Eti-film. The appropriate temperature for the fabrication of Eti-film is ~35°C 
according to the film microstructures and electrochemical curves. 
2. Burning of the Eti-film is caused by stress accumulation instead of chemical 
dissolution caused by the reaction heat; the gradient-increase-current approach can 
efficiently inhibit the burning of the Eti-film, thus realizing the HEDP hard-anodizing 
process; the growth rate of the hard-anodized Eti-film can reach ~2.1 μm/min. 
3. The hard-anodized Eti-films were prepared with the pore diameter, surface porosity, 
and barrier layer thickness of ~220 nm, ~9%, and ~510 nm, respectively; anodizing at a 
high current density generates a large amount of reaction heat and eventually leads to the 
dehydration of the Eti-film; the rapid rise of the anodizing voltage in a short time causes 
the branched nanopore structure of the Eti-film. 
4. Ample evidence shows that the hardness of the hard-anodized Eti-film can reach up 
to ~11 GPa (~1000 HV0.01), which greatly exceeds that of the widely used hard-anodized 
Sul-film; a lower friction coefficient (~0.7) and slighter wear are found on hard-anodized 
Eti-film than on Sul-film; the corrosion resistance of the hard-anodized Eti-film is 10 
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Chapter 6 Conclusions 
6.1 General conclusions and remarks 
HEDP is an environmentally friendly chelating agent and is recently proposed as an 
anodizing electrolyte. Comparing with other organic acid of anodizing, HEDP anodizing 
is more stable and the risk of burning phenomenon is lower. Moreover, high anodizing 
voltage and low corrosivity of HEDP give the resultant anodized film a thick barrier layer 
and low porosity, which is expected to provide anti-wear and anti-corrosion protection 
for aluminum alloys. However, the low growth rate of HEDP anodized film cannot meet 
industrial production requirements. In order to rapidly fabricate HEDP anodized film, the 
HEDP anodizing was conducted at under high current density and the growth and 
performance of the resultant film were systematically investigated in this thesis. The main 
conclusions are as follows. 
In chapter 3, when anodizing in HEDP solution at a relatively low temperature, the 
anodized film would not be burnt down until the current density increased up to 8 A/dm2, 
and a steady sparking was observed when the current density was higher than 4 A/dm2. 
The obtained oxide coating had both the outer volcanic resolidified pool structure and 
inner honeycomb structure, i.e., a MAO/AAO composite coating. The estimated growth 
rate of oxide coating increased from 1 to 36 μm/h with the increase of current densities 
from 1 to 7 A/dm2. The hardness of inner AAO layer was about 6‒8 GPa, which was in 
contrast with the highest hardness (26.57 GPa) of the outer MAO layer. 
In chapter 4, the growth mechanisms of MAO/AAO coating found were systematically 
investigated. The soft spark would appear when voltage reached 300 V, then change to 
the micro arcs at 400 V, and finally manufacture the outer MAO layer. Hereafter, the 
automatic extinguishing of micro arcs gives rise to the formation of inner AAO layer. 
Moreover, it is evidenced that plasma discharge has few contributions to coating 
thickening. The growth kinetics for the whole stages is a linear type, which comes from 
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the ion migration at the barrier layer. The barrier layer would be partially converted into 
MAO layer after being bombarded by discharges. 
In chapter 5, the HEDP anodizing was conducted on 6063T5 aluminum alloy at 
different temperatures and current densities and the HEDP hard anodizing was 
successfully developed. Low-temperature anodizing (≤ 15°C) tends to arouse the MAO 
regime and coatings; high-temperature anodizing (≥ 45°C) causes the HEDP electrolyte 
to excessively corrode the film. The appropriate temperature for the fabrication of HEDP 
anodized film is ~35°C. The HEDP hard anodizing without burning was successfully 
conducted via a gradient-increase-current approach, resulting in a high growth rate (~ 2.1 
μm/min), low porosity (< 10%), thick barrier layer (~ 510 nm) and branched nanoholes 
structure of the hard anodized film. The hardness of the HEDP hard-anodized film can 
reach up to ~11 GPa (~1000 HV0.01), which greatly exceeds that of the widely used 
sulfuric acid hard-anodized film, and the corrosion resistance of the HEDP hard-anodized 
film is 10 times higher than that of sulfuric acid hard-anodized film. 
6.2 Future work 
 In general, this thesis is a preliminary exploration of micro-arc oxidation and hard 
anodizing in HEDP solution. The newly found MAO/AAO composite structure might 
guide the further research on the growth mechanism of the micro-arc oxidation coating, 
which has not been determined so far. Moreover, functional coatings with gradient 
performance can be designed based on MAO/AAO composite structure, such as preparing 
an outer biocompatible MAO layer and filling the porous AAO layer with functional 
materials. For the HEDP hard anodizing, it is necessary to further optimize the anodizing 
conditions and clarify the influence of different alloying elements (especially copper and 
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